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I ABSTRACT

f- 1t( h\Juilt i-Scale Profiler ( NISP). a free-l% falling dropsonde. has been used over
tll- lamt 12 %vean, to resolve occanic shear variance at vertical scales from a, few hundred

ttli.'Ier't14 IioI 1i nearly *ai cent imeter. lk4cause NISP p~yelded the first complete oceanic

%1 1,44A r % t.r~ it I. ~imiportantt to documen~tt thte intit hods hv which t hey wvere producud.
ki.rjge i a;- are imt,ii~red by ani ('k(t romlaglietui current meter ( iM) nicroscales bv
ailrfoil pruabe=. mild init r;II((Iidc scales by all acoustic current met ''r ( ACM 'NI .'lhe A( NII ii.' ~ I ývroll iv rckll 1 to the( ins~trumiient. t) liet piluiforiti miot ion liui-it he knowni
1 d4 lvle Imine I lie Witer velut iti. Pr imiarilk. I1h, 'NI mie&,urvinenit s are- affected lIn

I Il*.~4ll.i 41 iild 1% tile groi"s (po44l1111 1Iia I niot ion of til Ii. whidle. liet forin'ei I..

iwifer red frim itt ( 1elerolneler (11d.1  W~iall iel~t' t er i't I4 onJllttl ritu'utýl ri~i 111tdel of OWie
\l~I'. e. 4.1,4- , t~ 411.4Il to 444 m 4 sti '.hr. Iloru/wit alI fo( Iip, Oil I Ilie irra~ \.Of di ig bru..lie..

.111d turtilic, bladul- dl lilt ta-ill (1)1111i11 .1114- lilt Til";ie)Wi.. 1) ( d1i01114, NISI' 1 Tto r dl II ~ ~~~~%tio4lI&ld tolifill I l1ill1441II Wit 11MIV (.l4'. hAr I lie lnit rum euIlnt *,. ,fTIII I 1.3111. .e>txi *

41 'lee; 4 imidi tiv ar (0.2t pini ((\.( It- )." p ierhtiler . 4 ,c i( (ou lt for %uti4 14pv I~b ral feat 11 rvQ.,

Ow mo:nlelOf lla%.!, :I al. for thel 10" -101' M MdCu~ad Wi" :lit(1ed'4 So that 11 Cwrel-4-1

Mrod el forinliilalWI relievaril t product ion of 'm'estuhe n ~ei'ict proti lv% from ill li.\(*.\I
(1414. and presc iII analvtl t rikisft'V fuuiti thill leIrivi d from1-iz i [urr t ritilftonip, 44f lIiic
ModelIC ((1 14tiltiol" wiliicl guld(e selectio o(1(f optIiiial \iiluc,. forIic t modittel piiariiten...rýI \~~~eloicity p rofi les and( sliear spectra resuIt in g fromt theil, Intioii-tiirret-ted ACMI dtitt.
(omlparte well with FAKNI result s at large mcalel-. Owing to MSP.high saitilpijl ul
frequencies. I he MW'N data p)rovide( it (Iiw.ct check on I lIe( veracIt v of thel airfoil prohe

dat a at scales of 0. 1 1 ini. 'Ihei overall st rerigi l of our re'Sult', W, '.Well it. tlilt' Wt'akuIe'..t"

and imccrtaiiit es. is summarized.
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I. INTRODUCTION

Observations during the past decade demonstrated the ability of the Multi-Scale
Profiler (MSP) to resolve velocity and temperature profiles in the upper 1 km of
the ocean. The need for MSP became apparent after analysis of the Fine and Mi-
crostructure Experiment (FAME) of 1975, in which different profilers resolved various
portions of the vertical wavenumber spectra (Gregg and Sanford, 1980, Gargett et
al., 1981). Although much was learned during FAME, measuring viscous dissipation
rates, c, with one vehicle, fine-scale shear with another, and diffusive dissipation rates,3 X, with yet another proved insufficient for relating shear to turbulence. in response,
we began designing MSP in 1980; we first used it in the open ocean in 1983 and have
taken it on five subsequent cruises (Table 1). Observations from CSALT, PATCHEX,
and Tropic Heat 2 yielded the first fully resolved vertical spectra taken by a single
instrument (Gregg et al., 1991, 1993), and profiles in the Florida Strait took the
combined measurements close to bottom topography (Winkel et al., 1992). Here we
report MSP characteristics and data processing affecting our published results. III
addition, because the need for fully resolved spectra will continue past the life of
NMSP, we document. key features of the design.

To measure velocity at scales from 1 km to nearly 10 mm, MSP combines three
previously developed technliques: electromagnetic (Sanford et al.. 1978), acoustic
travel time (Evans et al.. 1978: Haveas et al., 1984), and hydrodynamic lift on small
airfoils (Osborn, 1974). By sensing voltages induced as sea water flows through the
earth's magnetic field, the electromagnetic current meter (ECM) yields velocity pro-
tiles largelly unaffl'cted by the response of MSP to ocean currents. However, these
profiles an, not absolute in that they include unknown, depth independent offsets.
Proper treatment of the E'C'M weasurenients requires that MSIP rotate, and ECM
results are reliable only at scale- greater than the distance for one such rotation.
'ITh Neil Brown acoustic current meter [A('CM), owing to its stability and low noise,
can resolve scales close to tie* 0.2-Il path length between its transducers. Because
tIle A('M detects iimotion relative to the vehicile. minimal platform motion is desir-
able. V'tifortunatel. the design of MSP inakev it highly responsive to fluctuations
with sa s close to or greater than its 4.3-ni hength. Ii coliverting the relative niea-
.,stlrellents to ocean velocities, correcting for tie vehicle response requires a model.
The airfoil or shear proltbe sense velocity fluctuations relative to MSP. Their data
ale, transformed into shear spectra to estiniate viscous dissipation rates. Also, they
extend NI.S'*. re'solution down to 111 11m: smaller scales are smoot hi, by the probe
tilps.

T'lo ajvoti vehIcle (Iv•1d alics associated wit h a rapid spi n, we use rot at ion hengt his of
15 40 ni. much larger than the scales directly generating most turbulence in the ther
Ill, cliii'. i'en heli. 'NI's lili itat ion. Illust reiy on the A('NI anl(l the associated

TR9414 1
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Table 1. MSP cruises with nominal fall and rotation rates, Q2to and Wo, from the
main thermocline (below 2-3 MPa). In 1990, the smaller-diameter tail array replaced
the larger array, leading to faster fall rates.

Cruise Rotation Rate, Fall Rate,
Name Date Location Qrot (Hz) WO (m s-')

PAC83 May 1983 35°N, 131°W Tested several configurations

CSALT Nov 1985 12'N, 56.5°\N, 0.011, 0.018 0.27

PATCHEX Oct 1986 34°N, 127 0W 0.017 0.25
42°N, 126-W

Tropic Heat 2 Apr 1987 0°N, 140'W 0.007 0.27
1, 2, 6, & 11.5-N 0.002, 0.007

Florida Straits Jun 1990 27°N, 79.1 ", ).9°W 0.013 0.32

COARE 3 Feb 1993 1.70S,0,3°N, 156°E 0.009 0.30

vehicle response model to resolve the scales bridging internal waves and turbulence.
Results from the model compare favorably with those from the ECM at scales larger
than the rotation length. The smallest scales detected acoustically, 0.1-1 m, require
little correction and provide a check oil the airfoil signals, which can be contaminated
in this band by" low-frequency noise and temperature sensitivity. At scales larger than
a meter, airfoil data are unreliable owing to increasing vehicle motion and uncertain
and varying probe response. ,

I his report focuses on the ACM and our niethodos for converting its data into
ocean velocity profiles. The ACM results are important in that they can resolve
shear variance produced by internal waves and turbulence. To interpret the relative
ACM measurements, we model the motion of the vehicle as it responds to oceanic
shear. The tail array of drag brushes and turning blades causes MSP to respond
more severely than other, similar profilers such as TOPS and HRP. Modification of

previous response models of H vyes et al. (1984) and Schmitt et al. (1988) to include a
proper specification of the large tail force was a major advance in the MSP analysis.

2 TR9414 I
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In Section II, we describe the design and operation of MSP, discuss its behavior
as a platform, and anticipate effects on the ACM measurements. In Section III
we examine the sensors and their data, emphasizing the transformation of ECM
and ACM measurements into earth coordinates. In Section IV, after considering
vehicle kinematics and dynamics, we present our technique for converting the ACM
measurements into ocean velocity profiles-correction for tilt and for attet'uation of
signals longer than MSP due to its gross motion as a point mass. We explain how we
use analytic transfer functions to find optimal values for the model parameters. In
Section V, we scrutinize ocean velocity profiles and shear spectra from the AC.M and
ECM (and airfoil probes) and discuss the strengths and weaknesses of tile results. In
the final section, we summarize the important aspects of MS` behavior that affect its
ability to resolve oceanic shear variance over a wide band of acales. Five appendices
supplement this report. Appendix A provides greater detail about the sensors and
processing of their data. Appendix B deals with the treatment of airfoil probe data
and compares airfoil and ACM spectra. Appendix C discusses tile vertical, horizontal,
and tilt dynamics of the vehicle. Appendix D details the numerical scheme employed
for the response model integration. Appendix E derives the model transfer functions
a % uses them to demonstrate that tilt dominates the accelerometer data.

I

TR 9414 3
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II. VEHICLE I
A. Vehicle Design and Operations

Much of the design of MSP is aimed at providing a suitable platform for its
sensors. As an untethered and freely falling vehicle, it largely avoids high-frequency
vibrations and oscillations that could confound measurement of turbulent velocity 3
fluctuations. It descends slowly and steadily for adequate resolution of temperature
microstructure, and it spins about its axis for reliable measurement of ambient electric
fields. 3

Most of the length, mass, and volume of MSP comes from its main pressure
case, which houses the batteries, microcomputer, memory, electronics, and vehicle-
orientation sensors-accelerometers to monitor vehicle tilt and vibration and a magne- I
tometer to monitor rotational orientation (Figure 1). A gap of a few inches separates
the white outer skin from the pressure case. Syntactic foam near the tail fills much of
this space, and seawater floods the rest upon deployment. The outer skin streamlines
the instrument and forms a nonconducting cylinder between the electrodes of the
ECM. To descend while acquiring data and then to ascend for recovery, MSP uses
releasable ballast weights, without which its displacement renders it positively buoy-
ant (Table 2). Attached to the tail are drag brushes to slow the fall and adjustable
turning blades to set the rotation rate.

The leading end (nose) of MSP is home to several sensors and the two ballast
tubes (Figure 2). A guard cage protects the sensors. The ACM is the first to sample
at a given depth, as its transducers are positioned below the end of the cage to
eliminate spurious reflections. Next comes a cluster of fine- and microstructure sensors
(Table 3), positioned to sample fluid unperturbed by the ACM or cage. Above theI

sensors a spherical plastic cap rounds the blunt face of the instrument.

Each deployment begins with the operator recharging the batteries and setting
several drop parameters. External cables are disconnected, and MSP is put into I
the water. Temporary floats (beach balls) hold the instrument at tile surface while
the ship moves away to avoid contamination of the ECM measurements. After a
few minutes MSP releases the beach balls and starts to fall. During descent, data
are recorded in 20 Mbytes of solid state memory; this storage is volatile in that
data are lost if the batteries lose their charge (typically aft - 5 hours). When the 3
microcomputer determines that either the pressure or time limit has been reached,
the ballast is released to end the drop. Corrosible links and fracture pins back up
the primary mechanisms, and in shallow waters an acoustic detector aborts the drop 3
before striking the bottom. While ascending, MSP transmits an acoustic telemetry
signal containing its slant range and depth (sintfflar to the procedure described by lSanford et al., 1978) so that the ship can approach the rising instrument. At the l

4 TR 9414 I
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BrushesI Small tail

Blde
Magnetometer

0.5 m

ECM E

Accelerometer

IC

Figure 1. Diagrain of Multi-Scaic Profiler and photograph of post-drop ruTover%
Leugthi scale is for the diagraml at left. Blades and brushes are drawn for the large-
tail configuration: d1a~shed lines ind~icate width of the smnall tail. Position s of cen~ters
of huovncv arnd nmass, ('?B andl (';. are app~roximnate, owing to uncerta~inties and( to
variations inl ballast mnass and density of trapped water. The pressure sensor, hidden
amiong the turning blades, is attached atop the main pressure case. Photo at right shows
recov('rY after i Florida Straits dirop witli the smnall tail.
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Table 2. Vehicle parameters. Rightmost column indicates notation used in the main
text. Moments are for transverse rotations relative to the ECM (between CG and CB).
Values in parentheses are for the small-tail array, if different than for the large array.

Total length 4.3 m
Radius, main tube 0.21 m (rN) 3
Radius, tail array 0.57 (0.42) m (rT)

Pressure tube, length 2.6 m
Pressure tube, radius 0.16 m
Vehicle displacement 0.27 m3  (F')

Vehicle mass, with ballast 280 kg (MA)
Ballast mass 10 kg I
Trapped water volume 0.10 m3

Total mass, including trapped water 382 kg (M)
Center of mass, from ACM 1.90 m (CG)I
Center of buoyancy, from ACM 2.05 m (CB)

Moment of inertia, effective 830 (730) kg m2  (IE)

Damping coefficient, effective 980 (610) kg m2 s 1  (RE)
Righting momnent, effective 580 (550) N m (KE)
Maximum pressure 12.0 MPa
Effective added mass displacement 0.40 m3  (Fe)
Water density, nominal 1025 kg m- 3  (p)

U

surface, the radio and flashing light at the tail (and the bright orange drag brushes)
help visual sighting. A small boat (e.g., Zodiac) is launched to gather MSP and drag
it safely to its pickup point beside the ship (Figure 1). Once aboard, the instrument
is hooked up to download its data, and preparations are begun for the next drop.
Total turnaround time for a 10-MPa (1000-m) drop is around 3 hours.

B. Vehicle Motion

Table I lists nominal fall and rotation rates for the five major MSP cruises.
Although faster rotation would enhance ECM performance, the associated dynamics
could complicate the ACM and airfoil measurements. lntercruise variations in fall
and spin rate generally reflect alterations in the disposable ballast and blade angles. I
We switched to the small tail configuration in 1990. which weakened lateral forcing
to improve the ACM measurements but. also reduced vertical drag thereby increasing
the fall rate. U

6 TR9414
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Table 3. Seusur tpeiticationis.

Samuple I ype of No.

Rate l)igitiza- of Noie.
Sensor (llz) 1ion0 Axes Range RS0lhlutiOnI rms ,

Magnetometer 2"5 12b 3 ±60000 W11 30 t0 I
degr(es. rotation or tilt:c 0.05 0.07

Accelerometers 25 161) 2 ±16.4 in s- 2  5.0 x 10-4 2.6 x 10-4 I
degrees tilt: 0.003 0.0015

%!Ii 25 ftc 2 ±150 in s- 1  1.0 x 10' 2.0 x 10'

ACM 62.5 16b 2 ±0.83 m s' 2.5 x 10' 4.2 x 10-4

Airfoil Probes" 125 16b 2 ±49 s- 1.5 x 10- (App B)

Pressure 25 ftc 0 --21 MPa 3.9 x 10-1 1.8 x 10-4

Temp., Sea-Bird 25 ftc -1 31 0C 1.6 x 10-4 2.3 x 10-4

Cond.. Sea-Bird 25 ftc 1 - 6 S n-1 3.2 x 10-5 2.8 x 10`

Temp., FP07 125 16b 0-35 0C 8.0 x 10-4 4.0 x 10-4

Cond., Neil Brown 125 16b 3-6.2 S in' 5.0 x 10-5 2.5 x 10-5

Temp. Grad., FP07 f 250 16b ±18 'C m-1  5.4 x 10--

0 12b = 12-bit A/D. ±10 V input; 16b 16-bit A/D, 18.192 V input; ftc frequency-
time counter, two 16-bit words output (frequency range of input signal depends on sensor: I
ECM. 5-10 kHz; pressure, 34-40 kHz; Sea-Bird, 6-11 kHz).

6Noise in raw data, for a single component (axis), computed by integrating the spectral
noise floor out to the Nyquist frequency. I

C~omputed with nominal values of 30,000-50,000 nT for components of the earth's magnetic

field.
dECM velocities vary inversely with BZ, the vertical component of the geomagnetic field;

listed values are for Bz = 40, 000 nT.
'The two axes of the airfoil probes are usually aligned in parallel for redundancy; range I

and resolution, valid for 1-20 cpm and 0.30 m s-i, increase with higher wavenumber or
slower fall rate; dissipation rates, c, computed from airfoil probe spectra have a noise level
of (3-10)x 10-11 W kg-'.

]Range and resolution, valid for 1-7 cpm, increase with higher wavenumber (some temper-
ature variation, also); dissipation rates, x, computed from gradient spectra, have a noise
level of (-12 - 10-14) O 2 S-I. 'Ii
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Below the tol) of the IpycnjoclinlI. Wimp " (0.31 ± 0.02) in' s- for 0241. (0.27.5 ± 0.02)I . for 0211, and (0.25 ±0.01) for 00961.

however, the fall rate shows no clear tendency thereafter. Large-scale fluctuations of
0.01 -0.03 in s- are likely due to vertical motions of the water, such as internal waves.
carrying MSP along with little effect on the relative flow (lDesaubies and Gregg, 1978).I Despite uncertainties in net buoyancy and relative flow, we estimate a vertical drag
coefficient of 1.0±+0. 15 based On COMpariSOnI Of fal anid. rise rates just before and after
ballast release.

Currents passing across MSP induce quadratic drag and linear pressure forces
which accelerate the vehicle horizontally. Dorninat ing the response are the pressureI forces, which occur at the nose! and tail, where the vehicle radius widens. The nature
of MSP's response to velocity fluctuations depends on their vertical scale. Owing
to the nose force arid, to a lesser extent, lateral drag on the main tube, MSP fully
tracks the large-scale flw, although its inertia causes it to lag behind soinewhat. The
tail forne quickens MSP's response such that it c.an partially follow fluctuations at

TR 9414 9
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iI,'Ar %4'1i1 h" N( alt .- I tAlll' colip~li am ig interpretation of the ACM measurements).
I hz~ i,- t dazsl• MNISP frolim less re-sponsive profhlers such as TOPS (Hlayes et al., I
14-1. and IM(P (S•hintt vt al., MS•). which have no comparable tail structure.

In its tilt behaviuo, MSP acts like a forcedI, damped pendulum. Separation
l4tweezn t h. centers of buoyvany and mass (including the trapped water; estimated
in "lal, 2) pro'ides most of tht righting moment, and drag along the main tube
resists oscillations. As .MSP falls, further contributions arise from forces at the tail: U
vertical drag adds to the righting nioment. and oscillation-induced pressure forces
produce strong damping. The nose and tail forces from the lateral flow generate a
forced response, which oveiwhelins free oscillation. From incidents in which MSP I
waws impulsively forced (by shark hits?), we observe a natural period at 8-11 s being
damped out. within two oscillations, consistent with the moments estimated in Table 2.

The effect of MSP's horizontal response ozi the ACM depends on the scale of
the fluctuation being measured. To focus on the gross vehicle motion, we disregard
rotation and tilt. At. depth z (positive-downward), the ACM measures the relative I
motion

-ji~z Vwa(2) - VnL%(:)

between the water and vehicle. Casting the time lag of MSP as a distance lag, D,
from a velocity fluctuation to the ACM position, we express the vehicle motion in
response to a given wavelength, A, as

"•-,")= "y( A) ,,.., (z - D ) -

where "I is the response factor: I 1 for full response at large scales and 0 for no
response at small scales (since inertia prevents MSP from reacting to rapid fluctua-
tions). The ACM measurement becomes

v&. m(z) = vwt(z) - 3' v..,(z-D) ,

which reduces to t'vct(z) = v..t()- v,.(z - D) for large scales (such as constant
shear flows) and to v.,,,(z) = t(z) for small scales. The strong tail force causes
MSP to respond (-t > 0) at scales near its own length and reinforces the nose force to
establish a lag of about one instrument length. In contrast, TOPS and HRP respond
little (-y • 0) at scales smaller than 10 m and have lags closer to two instrument
lengths. Figure 4 illustrates important tendencies in the ACM measurements fcr i
various scales of water motion, v,, 1(z) - sin(27r/A)z. At A >> D the measurement
approaches v ,,, ,z D dv,,t/dz, the constant shear limit. The ACM moves against
currents of A = 2D and with those of A = D, measuring velocities respectively I
amplified by (1 +7-y) and diminished by (1 -,1). These effects complicate our measured
ACM spectra, yet hardly perturb spectra from the less responsive 'TOPS and 1t1P.
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I k= 10D (y= 1)

Vmsp (z) = Vwat (Z - D)

=2D (y= 0.9)

I L .=D (y= 0.8)

Vm I --

I ?
V a t s in --- z_ _ -Vwt ' .. X=D/3 (y= )

Vacm = Vwat - Vmsp

Figure 4. Effects of MSP point-mass responsu on ACM i-vasureiiients due to water
inotions of various wavelenigths. A. Heavy curves are water velocity. v,. sin kz. where
k= 2,r/A and - is depth, positive-downward. Light curves are ACM measured velocity.Iim-I = W&t - VmJ). For tile vehicle velocity'. V.P. the response factor, 7, lessens with
sckale (se text): for this illustration, the response lag distance of D z 5 n slightly exceeds
MSP's length. At large scales, v•-. - D dvWLt/dz. At \ = 2D, v(-, = (1 + I )v,.: atIA = D, v. 1 ; (1 - 7)vwat (inflated 7's are used here to clearly illustrate responses).
Wheu -i = 0 at small scales, the ACM measures the water directly, Vam = I,**t. Not
collsidered here are contributions to ACM data by vehicle oscillation.

Also, tilt orientation and oscillation affect ACM measurements in a manner that

intensifies our spectral complications.

Before considering further the vehicle dynanmics and associated ACM effects, we

investigate the array of sensors and the measurements that they obtain.

TR9414 11
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111. MEASUREMENTS

'Fable 3 contalins specifications for the MSP sensors. Range and resolution de-
pend onl the digitization nmethod, as signals are passed to either an A/D converter

or a frequiaicy-tinic counter. Conversion from voltage or frequency to scientific unitsI
empjloys calibrations based on the static response of the sensor and its associated
electronics. Noise levels are estimated from spectra of data over quiet regions of the

water column: the spectral noise floor is integrated out to the Nyquist frequencyI
(Appendix A). Vertical resolutionl is limited by noise and also by tile dynamic re-
spouse associated with sensor size or res-ponise time. For those devices that mieasure

along multiple directions, T'able 3 pertains to a single component; anl individual data
channel corresponds to each sensitive axis. Axes are defined relative to an orthogo-
nal references framne, *j'k, fixed to MSP. In Appendix A, we discuss the mapping of
data from sensor framnes onto the conunon i'jA frame and subsecjuiiet~ly to the earth's

xyz frllc

For eachl drop. snmoothled pressure data are used to build an index file thatI
ind~icat es. for a specifihed pressure and data channel, the elapsed time at which a
mieastirelient was taken. C:'Uidled by the index, raw data are low-pIass filtered and then
sulbsdIIIledl onito evenly spaced pressure grids (T'able 4). Rleference gridl pressures art-I
also used to estimiate fall rates and to compute hydlrogr:iphic quantities.

A. CTDb
T1wo pairs of cldtit tenertresensors provide redundant mneasuremenvt's

and enable iid erconiplarison of performance and response. Thle Sea- Bird pair haus
better stability. while the faster response of the other pair, a Neil Brown coniductivity
(-ell and a 'Ihlernioniet rics Fast ip Fl)l07 t herniistor, provides finer vertical resolution.

As of 1 990. dlucting bet ween the Sea- Birch sensors ensures that fluid p)ump)ed throughI
the conductivity cell is first samlpled by the therinistor. WKe calibrate the Neil Brown

Colillu( tivit v cell andl 'Ihernionietric~s hFastip I'P07 thermiistor against the standard of
the Scit Bird pair, using either ipi situ drop data or mieasurements in a controlled bathI
in our laboratory.

Rtesults fromn the C1TD data include profiles of temperature, salinity, density, and
ouuyncyfreuem, dud vertical WaVenDUnber spectra of teunperature and, displace-

nient (oi- strain).3

B. Microstructure

'lFurbulent fluctuations in temperature are sensed by a second FP07 thermistor.
Its signals are passed through a differentiating circuit. to emiphasize the smaller scales
and a 60-liz four-pole Chiebyschev filter to suppress high-frequency noise. As we formn

ZI
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Table 4. Data processing specifications for filtering and subsampling. Grid spacing is
for standard processing, in seawater, a pressure interval of 10 kPa ;-0.01 MPa closely
corresponds to a depth interval of 1 mn. For the filter, when "BW" is appended, the
full length of the low-pass Bartlett window is indicated: for the tiicrostructure data,
parentheses enclose the sizes of spectral processing windows and segmients (w,s) (see
Appendix B).

Sensors Grid Filter Commients

(.7D

P~ressure" 0.96 s 1.92-s B\\ Interpolated ont~o 10-kPa gridlISea - i rd 1 kPa 2-k-Pa 13W Ducted
5k.Pa 20-kPa BN* Ntduc-ted

Neil Brown and [P07 1 k-Pa 1-kPa l3WV

Alic7-osti-uictu7i- Spectria

Tempelratuore ( ) 20 kl~a (24,G) kPa Robust

5 kPa (5,5) kl'a Periodogranii
Airfoil probes () 2U kl~a (24,6) kl'a Robust35 kPa (5,5) k1~a IPeriodograni

I Clocity

5 k Pa 10-k1'a BWN

A('.I'1 k Pa 2-kPa BXW

"aSinootlled pressure data are' subsainpled onto a teniporal grid. froin which clasped drop

tuines are interpolated every 10 kPa to forizi the pressure reference index.

"~After being oriented via znagnetonieter and acceleromneter data, drift-filtered ECM inea-

stlr('mPIts are converted to velocity using tegeoigntcfed B = Hý+ B .

'After being, oriented via inagnetornmeer data, AC'M relative mneasureiments are converted to
occan~~ voct'vbusing acceleronieter dlata andl the point-ias response inodel t env

platformi niotioli.

power- spectra from these data, we account for the static calibration and dynamic
response of the probes (Gregg and Meagher, 1980) along with the effects of the'U electronics. The spectra are used for comparing rnicrostructure with finestructure
and to estimate X.

The pair of airfoil probes detects fluctuations in horizontal velocity (Osborn and
Crawford, 196U). For- redundancy, we align both probes in the samie direction. As
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the water pushs( oil tile probe tip, tile deflection of an enclosed piezobimorph beam
generat(e a voltage, which is then modified by a differentiator and a 30-Hz four-pole I
('hebyschev filter. The probe tip smooths out fluctuations of scale smaller than 2 cm
(Ninnis, 1984). We divide raw data spectra by the combined transfer function of the
probe and electronics to produce microscale shear spectra, which we then integrate
to estimate ( (Appendix B). By patching ensemble-averaged spectra onto those from
the ACM. we broaden the bandwidth to 100 cpm and cross check spectral levels in
the overlapping band. Airfoil spectra are unreliable at wavenumbers below 1 c-pm.
owing to vehicle motion and a poorly understood, prol)e-dependent response involving
temperature sensitivity.

C. Vehicle Orientation

A Develco fluxgat.e magnetoneter monitors the rotational position and nmotion
of the vehicle. The horizontal data allow transformation of ECM, ACM, and ac-
celerometer measurements from the instrument frame to geomagnetic coordinates.

The data reflect not only the geomagnetic field, B, but also the magnetic signature
of the instrument and effects of uncertain sensor alignment, bias, and sensitivity.

With the value of B at a drop location approximated by a spherical harmonic model.
the noigeoniagnetic contributions can be estimated and removed from the data (Ap-
pendix A).

Sundstrand Q-flex linear servo-accelerometers are aligned along three orthogonal I
axes, but only the two horizontal components are used. Their primary function is

to monitor vehicle tilt, which is the dominant signal (Appendix E). Spectra hit a
flat noise floor at 1 to 2 cpul; the lack of spectral spikes above this low-level floor
indicates that there are no high-frequency vibrations strong enough to contaminate
the airfoil data. Although accelerometer data can augment the magnetometer data
for more precise determination of rotational orientation, the effect is inconsequ.'ntial
for small tilt angles. On tile other hand, the variation in tilt demonstrates oscillation
and wobbling of the platform, motions that significantly affect the ACM.

D. Velocity

The ECM detects voltages induced by ocean currents, a technique nearly insen-
sitive to hoiot, . motion of thle vehicle. U .nfort unately, thermal gradients betwe-en
the electrodes lead to large drifting offsets in the data. We isolate the oceanic signal
by using a low-frequency spline to estimate the drift. However, the results are suspect .
(especially for subrotation scales) because the drift is often comparable to the signal
amplitude over a rotation (Figure .5). With our two pairs of electrodes, we could gen.
erate velocities independently from each pair as done by Sanford et al. (1978), and
then compare or average the results; vertical resolution is on the order of the rotation
scale (K-1. where K,-ot =•rot/

1U is the rotation wavenumber in cycles per meter).
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I o ECM signal /pv Fil ;tered ECM / Vj

II al'llliii011 (f(l" the hligh-driftling i-;ixis). Difi"i-vuc, us*''. botw,.en1 llewlsuqrvalllllt, (hea•vv) anld

vslinllhod oillg(,t.% Ilight) atre lhiv ocv'ani(" signalds, which are, sho~wn in the, right tpan(l e ,I 4is h, (, is light

I Insteaid. w(c co.mputell the velocil ,v Mt each gridl point IY intorlpreting th(ý tilt-cero data

.. ~ a "- (11 1hugolial col~lpolle. is (A 0t1C Vde(iric fi el'd vecto r" (A pplendix A ). T his rmethod
i lotletiallv Y'iehlds fller resolution, bunt the useful limit remaix na r the" rotation scale

nea

-- owilig to 111c(-rtaill~v In the r(.lov.(.,t dhrift. Since E(MSensitivity is prop~ortional to
B!lz, thc v(.r-ti(cal 'omlpone-nt. of B, pe(rformance• de-grades near the magnetI c eqjuator

[] ~ w Ifth (t11ifi shi li;g. sign• al to-nioise . .. ratio. Ili spite of their re'st,'ictio ns,.. .E(CM results ar-(
critical iii gauging the- low-wavenlumler p~erformance( of the vehicle response model.

iThe Neil Brown Inlst rum ent Syst-ens ACNM mea~sures the" relative flow along the'
i ~~0.2-[11 pathl tet.w(e(en tralisdt'('rs. T"wo transducer pairs dlefine" orthogonal horizontal
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axes. Their low noise level (Table 3) allows the ACM to resolve motions down to
vertical scales less than a meter. Because of MSP's motion, the ACM detects a I
velocity different than that of the water (as reflected in Figure 4). As such, our-
ability to generate ocean velocities-particularly at scales greater than a few meters--
is constrained by the success of the vehicle response model. At high wavenumbers,
measurements are attenuated for motions whose horizontal scales approach the 0.2-
In path length. Also, small-scale data are intermittently contaminated by narrow-I
banded oscillations of drifting frequency, which appear as a wandering spike in ACM
spectra (Appendix A).

For both ECM and ACM processing, mnea-surements must be transformed into
geomagnetic coordinates. In preparation, velocity and navigation data must be cor-
rected for bias and axis alignment (Appendix A). Once transformed, ECM data can
be directly converted into ocean velocity profiles, but ACM data cannot since they
remain affected by platform motion and tilt.

In Figure 6, we compare ECM and ACM profiles at this stage of processing for
a portion of PATCIIEX drop 0096. WVe will follow the development of this ACM
record into an ocean velocity profile. Table 5 presents nomenclature relevant to these
processed data and to subsequent processing in the vehicle response model. The
oceanic velocity estimated fronm the EC.M is denoted Ven,, while that. resulting from
al)plication of the response model to the ACM measurements, 1,60,,, is denoted v,,.

For the profiles in Figure 6, maxiniuin relative flows at the ACM and vehicle tilts
are about 0.03 in s- and 0.3'. In data from (:ther cruises, relative speeds reach over
0.05 I s-1 at sharp shear features and up to 0.10-0.20 i s-1 within zones of high I
large-scale shear (such as above the Equatorial Undercurrent.). Tilt angles seldom
exceed 1', except, when influenced by surface waves or strong shear.

Figure 7 displays power spectra of E('M, ACM, and accelerometer measure-
ments from 28 IPATCHEX drops (including 0096). These are ensenible averages of
total spectra (east and north autospectra combined) from 1-MPa (100-rn) segments i
spanning 4-8 MPa (further details in Appendix A). Gregg and Sanford (1988) report
shear levels during PATCHEX comparahle to those of the Garrett and Munk (GM7()
internal wave mo(el (Garrz'tt and Munk, 1975; see also Gregg and Kunze, 1991). I11-
deed, the ECM spectrum is close t.o GM7( at wavenunibers lower than ],; spertral
features near K,,, and 2 K,,, (and the divergence from GM76 at higher wavenumbers)
reflect shortcomings of the ECM processing related mainly to the large signal drift. I
The ACM spectruin fluct uates about. the ECM (and G M76) spectrum, displaying fea-
tures suggested in Figure 4: it has excess variance at 0.1 ,pmn (At2 )) and a deficit

nea.r 0.2 cpin (A ; D) which we refer to as the "0.2-cpm notch." When corrected
for the variance removed when data were smoothed with the 2-kPa Bartlett window, -
the ACM spectrum is well above the noise floor. Pvit 3.5 cpm, aliasing contaminates

i9
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0/deg 0I deg
-0.3 0.3 -0.3 0.3

ID 6-

-0.05 0.00 0.05 -0.05 0.05 -0.05 0.00 0.05 -0.05 0.05
velocity /mrs" a_." MinS2  velocityl/ms ¶ a.... /m S2

Figure 6. PATCIIEX drop 0096, profiles of measurenments after transformation to
east (left) and north (right) components. ECM Velocities (light lines) are deineaned
for display; ACM velocities (heavy lines) are not. Tilt angles, 0, are computed [tonil
accelerometer data as 9 = (a,,,c,/g), in radians. Note that I MPa= 100 In relates
pressure to depth, approximately.

I the spectrum (Appendix A). The broad peak of the accelcrometer spectrum near
(0.12 cpm reflects the forced tilt response as velocity fluctuations push the nose and
tail in opplosite directions.

To generate an oceanic spectrum from the ACM' measurements, we mnust correct.
themn for tilt and for MSlP's grosti motion as a point mass. We seek t~o convert the
distorted nmcasuremnent spectrumi into the true oceanic spectrum, NAe require that.
the finmal spectrum be reasonably smooth and that. it be close to EC M levels at low
wavenumnbers. With the IPATCHEX dataset as a test case, the GM76 mrodel spectrum
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can also provide some guidance. To reduce the dynamic range and emphasize spectral
features, subsequent displays are in the form of shear spectra, computed as 'F5(k) =
(27rk) 2'4,(k), with wavenumber k in cycles per meter.

With ACM and accelerometer measurements in geomagnetic coordinates, we
assume that we have accounted for all rotational effects. We have evaluated spin-
related dynamics, such as gyroscopic and Magnus effects, and found them negligible
relative to those included in our response model. Therefore, we can consider motions
and forces in the xz-plane independently of those in the yz-plane.

Table 5. Measured or derived variables in velocity processing. Functions of depth, z, are
attributes of the water, independent of MSP. Those describing or involving vehicle niotioi. are
defined as functions of L. the elapsed time of the drop when the ACM is at depth z(t). Fourier
transforms, e.g., ,.vt, are defined in Appendix E. I

Variable Description Spectrum Transfer Function

vW,,(z) [in s-] Water velocity •., 1
v11W(t) [in s- 1] Vehicle velocity (as poiit, mass) V';1' A(k) = ,,LI) / M•It[W 1 (i) [in s-1] Absolute fall rate

0(t) [radians] Vehicle tilt 4)0 B(k) 0/ f•. g

z(t) [in] Depth at ACM
Z'rI(t) [I s-1] Relative horiz. vel. (at ACM) 4,"' Cr(k) = ii W3•,/•
vacni(t) [in s] ACM measured velocity 1" C,1C(k) = /t'-
aG•M(t) [In s 2] Measured acceleration 4) D(k) =

Yv(t) [m s-'] Relative velocity at nose
VT"(t) [II s-'] Relative velocity at tail
vu1 ,(z) [n s1] ECM water velocity 4 fm

I
Ii
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Krot 2Krot PATCHEX
28 dropsI 4-8 MPa •n!. 10-3

' ,a c m 
Ea

GM76 Il

I ECM

ACM

noise Accelerometer

noise

10.9 ........ o ......... ' . J.. ... ,.d io
10.2 10.1 100 101 10 .12 i0*1 1001

wavenumber / cpm wavenumber / cpm

]Figure 7. Vertical wavenumbei spectra of measured data from 28 PATCHEX drops,
4-8 MPa (wavenunibers assume 0.01 MPa = 1 in). Spectra are for total (cast+north)
variance; indicated noise levels are also for combined components. Left: ECM velocity
spectrum (light line) has spikes near Krot and 2 Krot, and closely follows the GM76
spectrum (dashed line) computed with N = 0.00343 s-1 ; ACM spectrum (heavy line)
has a deep notch near 0.2 cpm. Right: accelerometer spectrum peaks near 0.11 cptm.
'The variance removed by digital low-pass filtering of the data has been recovered in
these spectra (see Appendix A).

I
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IV. ACM RESPONSE MODEL

To produce oceanic velocity profiles from the ACM data, we must know how
the instrument was moving. Our response model considers the motion as the sum of
the vehicle's oscillation about its center of gravity and its gross movement as a point I
mass (at CG).

The first step of processing removes tilt from the ACM data, producing the hor-
izontal relative velocity that would have been measured had MSP remained perfectly
upright. The contaminating signals include the component of the fall rate detected
by the tilted ACM and the velocity of the ACM as tilt oscillations sweep it through
the water. Two model parameters are introduced that allow the necessary corrections
to be inferred from the accelerometer data.

The second processing step uses the corrected relative velocities to estimate i
horizontal forces on the vehicle. Integration of the induced accelerations yields MSP's
horizontal velocity, which is then added to the relative velocity to form tile oceanic
velocity. The model utilizes one force near the nose and another near the tail; both
vary linearly with the relative velocity. Each force is specified by three parameters:
its factor of proportionality, its location, and the size of its smoothing window. The
forces are computed at their respective locations but are then applied in combination
at the vehicle's center of gravity.

A. Vehicle Kinematics

To consider motion confined to the xz-plane, let :R and ! be the horizontal and
vertical unit vectors (Figure 8). The ocean velocity is defined as

and is assumed not to vary during an MSP drop. The vehicle's center of gravity, P,
has location I

and velocity

v1ns(t) = d x.ksp(l) =v-:.up(l) * + Wý(t) i (3)

at time t. The fall rate, 9,,,p=dzp(t)/dt , is positive downward.

When the vehicle's longitudinal axis (centerline) is rotated anticlockwise from
vertical, the tilt angle, 0(i), is positive. An additional component of vehicle motion
occurs as the tilt changes. In particular, the velocity of the ACM is I

v"P(t) + L, r- , (4)dt!
20 TR 9414
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I
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z(t) dtSdO

z Wmspi

Figure 8. Definition sketch for MSP position and motion at time 1, with ACM at

A1 depth z(t). Tilt position, 0(t), and oscillation. dO/dt, are shown with positive sense.
Unit vectors k, :, and fi(6) point in the positive horizontal, vertical, and transverse
directions. Point-mass reference P, located at xmsp(t) = xp(t) * + zp(t) i, moves with
velocity v.p(t) = v,,p(t) + Winp(t) i. At distance L, >0 down from P, the ACM
moves with an additional L, dO/dt fi due to the oscillating tilt.

where L, is the distance from the ACM to P and

fi(O) =cos 0 k - sinO (5)

is the transverse unit vector.

II The ACM detects the relative motion, along the direction of fi, of the water at
depth

Z(t)=zp(t)-+ L, cos 0. (6)
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In addition to the horizontal component of the relative velocity,

Ve(t) = v,,t(z(t)) - V,,(t) (7)

the tilted ACM also senses part of the vertical component, I
147're(t) = W,=(z(t)) - W P(t). (8) I

Along with the contribution from oscillations, and with the small-angle approxima-
tions sin = 0 and cos 9= 1, the total ACM measurement is

dt
t'a.m(t) = Vrei(t) - Wrei(t) 0(t) - Lds(t) (9)

horiz tilt oscil

neglecting any flow distortion at the transducers. It is the first term, the relative
horizontal flow, that we retain for the response model, and so we need to estimate
the tilt and oscillation terms to remove them from the measured ACM data.

We infer vehicle tilt from the accelerometer data. With L. as the distance from i
P to the sensor and gravitation acceleration g=9.8 m s-2, the combined signal is

dW=g do+vp d d2  (10
a ( gO d- + dt - (W0p+v~O) - + La t2

di dt dt (10

tilt horiz frame centrip

assuming small angles. The first term is the vertical acceleration detected by a tilted
sensor (note that. g >> dl4.'/dt). In Appendix E we show that it dominates the
remaining terms in (10): the lateral acceleration of MSP, the acceleration perceived
as the sensor'; reference frame changes orientation with the oscillating tilt, and the
centripetal acceleration of the sensor relative to P.

I
-04 B. Vehicle Dynamics

The motion of the water past MSP leads to various forces that push the vehicle
horizontally and vertically and cause it to tip. These forces are discussed while
developing expressions for their balances in Appendix C. Here, to set up the response
model, we summarize the horizontal balance. 3

As illustrated in Figure 9, the nose and tail forces,

FN=rr7prrNIWrCII and F7--r(T- r)pVTIWII, [N] (11)

I--
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water velocity 0

d'P

I I- S

FT1  rT
-VT(t) DT .. .......... ZT

I .................. .................... _ _

relative L

I (Vwat) NLv

It D "7 FN
VN (t) DN. . ............. N.

I~ 1relative
Ito MSP.. z=z(t)-----.S=O-------------------I (VwatVmsp)

Z

Figure 9. Definition diagram for vehicle dynamics and response model parameters.
With MSP constrained to remain upright, the entire vehicle moves with horizontal

I velocity vr~p(t). Origin of tile upward-poini.ing q axis corresponds to reference depth
z = Z(t) of the ACM. Variations along MSP of horizontal water velocity, v,,,,t(z--s),
determine those in relative velocity, vWMt(z-,s)-vf,.p(t) (shaded). Defined specifically at
the ACM (s=O) is the relative velocity VreI(t). Model force FN or FT" is proportional to
relative velocity VN(t) or VT(t), the average over a window of size DN or DI centered
ZN or ZT above the ACM. Distances L, and La separate the ACM and accelerometers
from the reference P.
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push MSP horizontally. The total vehicle mass, M, includes the water trapped within
the outer skin, since it moves along with the solid structure. Furthermore, MSP
transmits its acceleration to some volume, Fr, of the exterior, adjacent water; this
retarding action is known as the added mass effect (see Carson and Simpson, 1978).
Altogether, the balance of forces yields the horizontal acceleration equation I

dvn, - (FN + FT)/(M + pr,). (12)

di

Parameterization and integration of (12) is the crux of the response model.

C. Model Formulation

The primary task of the model is to generate v,1 p(t), the instrument's horizontal
velocity, which combined with the ACM measurements produces the water velocity. I
Because the observed tipping and wobbling are of low amplitude, they should not
appreciably affect the gross horizontal motion of the vehicle. Therefore, we simplify
the dynamics by assumfing that MSP remains upright as it responds to the water
flowing past. However, tilt and oscillation effects must be removed from the ACM
data, V,-M(t), to supply horizontal relative velocities to the model. These corrections I
come from the accelerometer data, a,,1 ,(t). The two horizontal velocity components=
(east and north) result from separate and independent runs of the model.

We refer to the position of MSIP at time t by the depth z = z(t) of the ACM, with I
z positive downward. Variables related to the instrument's motion or measurements-
those defined as functions of t in Table 5 -are henceforth expressed as functions of z(t)
or, equivalently, of z. For instance, v,'•(z) v11v,(z(t)) - ,•(I) is the horizontal

velocity of MSP when the ACM is at depth z = z(t). Note that our data are digitized
on 1-k(1a pressure grids, nearly equivalent to 0.1-im depth grids.

To compu t e v,,rI(z) foni the ACM data, we need to know the relative vertical
flow and the vehicle tilt. Given that tilt is dominant in (10) and that g >> d14¾,.P/dt,
we set I

O(z ) = a, 1 1 (z)/g [radians] . (13)

We estimate tlh fall rate from the. pressure r- .ord and neglect Wwat(z) to set W,,1 (z) = H
-1-1,p(z) from (8). Now, we rearrange (9) dad compute

VreI(z) == v....(z) - Bj W., 1(z) O(z) +F L, dO(z) [I s-1] (14)
from the 0.1-in ACM data. Parameter B1 is introduced to allow investigation of tie

tilt (fall-rate bias) correction. Hayes et al. (1984) and Schmitt et al. (1988) ignore this
term and thus implicitly have B1 = 0, whereas our development sets B1 = 1; we alter
B1 between these extremes in tuning and in assessing its effect on the model. Removal I
of oscillation from the ACM measurements via (14) is vital to the ultimate success

2
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of the vehicle response model. Fortunately, the final model results are insensitive to
the 0.1-0.2 m uncertainty in L, arising from our imprecise knowledge of the location
of P.

I Supplied with the horizontal relative velocity at the ACM, we need only v,•p(z)

to determine v,.,(z) from (7). As shown in Figure 9, we attach the origin of the
upward s-axis to z = z(t), so that the relative velocity across MSP at distance s above

the ACM is t'wat(z - s) - v.,p(z), which for s = 0 is VreI(Z). We define the time and
depth of the drop's first measurement as I = 0 and z(t) = zo. Our initial conditions
are vWaL(z < zO) = 0 and v,,p(zo) = 0. Input t'eI(z) and output records are on grids
of Az= 0.1 m.

Our neglect of W., implies I4"reI(z)I = W,IT p(z) = dz/dt, which allows us to
simplify the horizontal acceleration equation, (12), into

dv.-(z) W - N VN (z) + H7 , T7.(z) [S-1] (15)

dz

with force parameters
I ~ ~~7rr2, rrr-- r~v [m2 (

HN = (Mp and +f,- = 7r(-2 (16)

an 7(M/p + Fe) [m']+ r,ý

and smoothed relative velocities

VN(Z) = Z+O.DN .Vwat(Z S) V..sz))ds [ s

-~,O .5D T w t( ) 2, p( ) dDTJZ +O.L)'r(17)t YW D T IO' s

Parameters Z- and ZT specify the separation between the ACM and the centers of

application of FN and F7-, respectively (Figure 9), and DN and D1 are the lengths of
the corresponding smoothing windows.

In Appendix D, we discuss the numerical method by which we update vn.p(z)
via (15) and (17) with previously computed (or initialized) values of ?'•.(z-s) and the

last vehicle velocity, v,,•p(z-Az). Given the relative velocity from the tilt-corrected

ACM and the vehicle velocity from the model, we can finally compute the water
velocity

vw&t(Z) = Vm.p(Z) + Vrel(Z) (18)

The initialization vw,,at(z < zo) = 0 establishes a depth-independent offset in the

oceanic velocity profile, but it can be removed with knowledge of the absolute velocity

at some depth (from a nearby mooring, for instance). The initial lack of information
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also leads to a startup transient in (17), which vanishes after MSP has descended a
few lengths. Also, this portion of a drop generally suffers from surface wave effects I
and fall-rate spinup.

D. Parameter Values I
As shown in Table 6, we have assigned nominal values to the eight model pa-

rameters. The nose and tail parameters ZN, DN, ZT-, and DT are estimated where
the vehicle's radius changes (as in Figure 9). We compute HN and HT by inserting
known or estimated dimensions in (16). We get L, by placing P near MSP's center of
mass and set B1 = I consistent with our formulation in (9). Running the model with I
the nominal values leads to unsatisfactory spectral results, however, and so we must
determine three values empirically: Zr to match the 0.2-cpm notch, HN to attain
the low wavenumber shear established by the ECM, and DT to dampen the vehicle I
response at high wavenumbers. We can attain further, more subtle improvements to
the model results by fine tuning the remaining parameters.

To find optimal parameter values for a given MSP configuration, we could run the
model using various sets of values and compare the spectra of the resulting profiles. A
quicker and more powerful approach involves analytic transfer functions derived from I
Fourier transforms of model equations (in Appendix E). Those given in Table 5 arc
defined for the response of each quantity to the water velocity, vtwat. Transfer functions
involving only the modeled point-mass response, A(k), are excellent predictors of the I
corresponding results of the computational model. This is not true if the tilt response,
B(k), is involved, since it is derived from the modeled tilt (Appendix C), which differs
significantly (especially for k > 0.4 cpm) from the observed tilt as inferred from (13).

Recall the two main steps of our model: First, generate v, I by correcting v.,
for tilt and oscillation; second, use v,,I to simulate vp, and combine them to produce I
v,.tt. Because the first step involves tilt, we must choose values for B1 and L, by trial

and error. The second step is independent of tilt, and so we tune the six potential
force parameters using C,(k), the transfer function for the corrected relative velocity
v,,I. Specifically, given 4' from the relative velocity profiles, we compute Cr(k) for
a choice of parameter values and generate

for a trial oceanic spectrum. The result closely represents the spectrum of v,.t profiles
that would be generated from v,,, via (15), (17), and (18).

Figure 10 compares v.,,, for drop 0096 with vra, as computed from (14) with
nominal values of B1 and L, (Table 6). The tilt and oscillation terms have amplitudes I
of 1 and 2 mm s-1. Although small, these corrections are significant at scales near
the instrument length. Figure 11 shows their effect on the measured PATCItEX
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Table 6. Response model parameters. Nominal values are those expected from mea-
sured or estimated dimensions. Optimal values, with which tile model is run, are de-
terinined with help from the transfer functions. Values in parentheses are for the small
tail.

PeNonminal Optimal Value

Parameter Description Value Large Tail Small Tail

Z/V [in] Distance to nose force 0.50 0.50 0.50
Zr [Jii] Distance to tail fcrce 3.40 3.98 4.00
DN [rI] Nose window size 0.60 0.80 0.80
D1 [nil Tail window size 0.80 1.40 1.60
"/N [Il 1-'] Nose force factor 0.18 0.28 0.32
S'IT [l-'] Tail force factor 1.14 (0.54) 1.16 0.52
L,, [m] Distance from ACM to P 1.9 1.8 2.0
lB Fall-rate bias factor 1.0 0.9 0.6

Ifl, [s1] 'Tilt damping 1.18 (0.84) 0.6 1.0
00 [-x2] Tilt restoring 0.70 (0.75) 1.1 1.4

QN [x-' s-1] Nose tilt factor 0.07 (0.09) 0.05 0.065
QT. [Il' s-'] Tail tilt factor 0.55 (0.35) 0.95 0.95

L,, [Ill] Distance from acce]. to P) 1.2

I
spectrumn, 4)`"1. Ill the corrected spectrum, 4)"', the 0.2-cpnm notch is broader and
lhalf as deep, amplitudes of the other peaks and valleys are diminished, and spectral
levels at k > 0.7 cpm are lowered. Oscillation accounts for most of the difference,
although tilt contributes at k < 0.2 cprn. Tlhese basic results occur for all MSIP

1 datasets.

To complete our transformation from measured to oceanic velocities, we must.
find values for the six parameters of the point.-nass model. In Appendix E, we derive
the expression

GC(k) ine (kDNH2) sinc (kD7./2) (19)
Hv+1N,+Ih±Zk- HN + 11.T+ik

where k is the wavenumber in radians per meter and siic x = x-I sin x. Starting with
the nominal values, we generate oceanic spectra from C, and 4t and iteratively tune
the parameters until the result satisfies our stated requirements: a smooth spectrum,
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Figure 10. Components of ACM-measured velocity, PATCIIEX drop 0096: v.,., (light
line) is composed of VrL (dark line), tilt (B WuiO), and oscillation (-LdO/dt). For
display, tilt and oscillation terms were multiplied by 5 and offset by 0.04 and 0.06 m s-. i
Aside from a few instances (e.g., near 6.75 MPa for the east components), v,,, and Vr..

are indistinguishable.

devoid of obvious instrumental effects, which is close to ECM levels at low wavenum- -
-1 bers. In Figure 12 we present the optimally tuned versions of C, for our two tail

configurations, and in Table 6 we list the corresponding sets of parameter values. We

truncate the display at k = 1 cpm, since C,(k) ; 1 at higher wavenumbers. Unless I
otherwise noted, the remaining discupsion pertains to the configuration used through

Tropic Heat 2 (large tail).

Figure 13 compares the C, computed from (19) when using only the tail force
(HN = 0) with that computed when using only the nose force (HT = 0). The
dominance of the tail force is obvious, judging by the similarity of C, to that of I
the full model. Its positioi' Z- fixes the wavenumbers of the notch and subsequent
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UDU1 -

10"4

28 drops =

i4-8 MPa Oscil.

II "•

* x Tilt

II, \ I" • -

i , I ,/ ,I L. .

10-2 10 100
wavenumber / cpm

H Figure 11. Shear spectra (at intermediate stage) of 28 PATCIIEX drops, 4-8 MPa,
computed as 4, = (2rk) 2 v,. Spectra for measured ACM records are shown by the
light line and tilt-corrected spectra by the heavy line (shaded at 95% confidence limits).
Also shown are spectra of the tilt and oscillation corrections and of the GM76 model.
Spectra are truncated at 1 cpm, beyond which vehicle motion has little effect.
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I

Largo tail

10-1 I
10.2[ ---,,---.,l, , . . .

45-

u.I
LIa 0. .. ..........I.. .. ..

-45-

10.2 10.1 0

wavenumber / cpm

Figure 12. Transfer functions Cr(k) from ocean velocity to relative horizontal velocity
at ACM, as com)puted with the optim'al parameter values in Table 6: Upper panel is
squared amplitude; lower is phase. Between 0.1 and 0.3 cpmn, the response for the large-
tail array used up through Tropic Heat 2 (solid liUne) is more severe than that for the
small-tail array used after Tropic Heat 2 (dashed line).

spectral features, and its strength H7- sets their amplitudes. Its window size DT-
attenuates high-wavenumber features by reducing the response of the vehicle to water
motions of small scale. In regard to the nose force, its strength HN establishes the

low-wavenumber response, its position ZN plays a minor role, and its window size

Div has almost no effect.

Evaluation of sensitivities of the model to each of the eight parameters is a by- I
product of tuning. As long as realistic values are assigned to B1 and L•, the success
of the model is insensitive to their exact value, Without the oscillation correction

implied by L,, even the most carefully chosen values of ZT and HT yield 4)w' that 'I
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* Tail force only
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-90
the tail force (solid lines) b 'y setting 11A = 0 and exclusivelY for the niose forcp (dashied
lines) by setting III- = 0. With only the tail force. C'r(k) reseinbles the coirlplelte two-
force version, aside froin the difference inl amplitude for k <. 0.1 cprn. With only thle nlose
force, Gr(k) loses the shape of the complete version, although the aniplitudes converge
at k < 0.04 cpni.

are choppy at k > 0.2 cpm. Given the corrected C." we can focus upon the six
* parameters in (19). The point-mnass model is most sensitive to Z7., coupled with

"117, since these p~arameters must account for the remaining O.2-cpm notch. Because
the notch is deep and narrow, its position mnust be closely niatched by C, for the

* resulting 4)" to be acceptably smooth. The nominal Z1 = 3.5 in fails the test, as
do values more than 0.05 in away from the optimal value of 3.98 mn (which places FI-

* up in the wake of the brushes). Sensitivity to the other parameters is more subtle,
since variations in their values affect broad spectral levels rather than shapes-. Two of
themi, DT and "A', differ noticeably fromn the nominal p~redictions. The enlarged tail

TR 9414 31



UNIVERSITY OF WASHINGTON. APPLIED PHYSICS LABORATORY

window is needed to squash the response beyond 0.4 cpm; the stronger nose force is
needed to bring 40'"t up toward the level of the ECM at low wavenumbers. Finally,
tile position of FN slightly affects the notch depth.

Minor variations in the optimal values of the parameters, other than ZT, do not I
significantly alter C, (or C,,). In Appendix E, we fine tune L, and By using the
transfer function H,,.(k) from v€. to a.... We compensate for any resulting effect
on V'" by tweaking H-1 or ZN.

We summarize the action of MSP as it filters the water motion, comparing its
point-xmass response and its tilt response. The large-scale motions carry the vehicle I
as a point mass, with the nose force dominating for k < 0.04 cpm. From 0.05 to
0.15 cpm, the primary effect comes from the tail force and its separation from the
ACM. Tilt and oscillation start to contribute at k > 0.1 cpm; between 0.2 and I
0.4 cpm, the effect of oscillation reinforces, and nearly equals, that of the tail force.
Since the point-mass response is weak for k > 0.4 cpm, the oscillating tilt of the ACM

dictates the difference between v., and vw,, at the smallest scales.

After Tropic Ileat 2, we designed the smaller tail to lower HIT via (16). As
predicted by (19) and reflected in Figure 12, the weaker tail force led to a broader I
and shallower notch in 4I'C'. Relative to that for tile large tail, C, for the small-tail
configuration is less sensitive to variations in the tail parameters. 3

i
I|
I
I
I
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* V. RESULTS

A. Velocity Profiles and Shear Spectra

SOcean velocity profiles from the ACM response model nicely track the ECM
results, aside from some large-scale divergence. Figure 14 demonstrates the model's
success for PATCHEX drop 0096 and also for a Florida Straits drop containing consid-
erable mean shear and strong fine-scale shear. As anticipated, the agreement between
profiles degrades at scales smaller than the rotation length.

Spectral results are a critical test of the model's performance. After running
the 28 PATCHEX drops through the model, we form the shear spectrum of the v,.,t
profiles for comparison with the ECM spectrum (Figure 15). At low wavenumbers,
up to 0.04 cpm, the spectra are similar in level (both being close to GM76) and are
highly coherent with near-zero phase. Around Kmt and 2 Kot, coherence is minimal
and spikes in "'P reach twice the ACM levels. At higher wavenumbers, the spectra
remain fairly coherent and close in phase despite the higher ECM levels attributed to
rotation-related contamination. Coherence is lost at k > 0.5 cpm as noise dominates
the ECM. The ACM spectrum is reasonably smooth between 0.1 and 1 cpm, aside
from minor irregularities at 0.4-0.5 cpm. To emphasize the importance of the tilt
effects, we include the spectrum of profiles created without correcting for tilt anid

* oscillation, that is, by runninig the model with B1 = L, = 0 and with ZT and H7T
chosen so that the tail force alone compensates for the dtep notch in V" . Now, the
spectrum is excessively choppy and uneven in the high-wavenumber band, with the

* coherence and phase relation to the ECM breaking down around 0.2 cpni.

Many features of the PATCHEX results also appear in the more energetic Florida
Straits data, taken with the small-tail configuration. The ACM and ECM spectra are
coherent with comparable levels at low wavenumbers; their coherence fades near Kr",
and 2 KrOL, rises at. higher wavenumbers, and vanishes as noise overtakes the ECM

* past 0.4 cpm (Figure 16). Unlike for the large tail, oscillation correction has little
effect on coherence near 0.2 cpni, although it remains a vital step toward generating
a smooth ACM spectrum.

SWe check for consistency in the ACM and airfoil levels in the band between
I cpm, where airfoil spectra lbcome, rel.iable, and 2to 20 cpm, where raw AVCAM

Sdata reach their noise floor. For the most direct comparison, we utilize data from
ithe ACM axis that is more closely aligned with the airfoil probes. The spectra

generally agree to within a factor of 1.5, although there is a tendency for airfoil
N levels to exceed ACM levels by a ratio that increases with greater microscale shear

variance or higher temperature (Appendix B). When we superimpose airfoil spectra
onto processed ACM spectra, (D', we anticipate some deviation since, in the latter.
subsampling leads to aliasing at k > 3.5 -pil and correcting for oscillation reduces
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Figure 14. Watre velocity profiles from, ACM ,response, model (heavy line) and ECM |
results (light line) for (a) PATCHEX drop 0096 and (b) Florida Straits drop 0241. All

profiles are offset for comparisor, with those in (b) forced to he near zero at 7 MPa. =
For the east component at superrotation scales, the ACM-ECM rms difference in (a)
IS I mnm s-l ill (b), it is J5 mm s- from 1 to 6.4 MPa and 7 mm s-' between 3
and 6 MPa. For the north component, the difference in (a) is 4 mmn s-1; in (b), it is
19 mm. s-1 from I to 6.4 MPa and 13min s-' between 3 and 6 MPa. Note that thei
velocity scale in (a) is a tenth of that in (b).

I

levels at k < 2 .... ' )--.. Nonetheless, there is usualkly a crossing or close matching-••
somewhere between I and 3.5 cpm (Figure 17).

B. Discussion
The results demons;trate our success in combining data from the ECM, ACM, and i

airfoil probes to resolve velocity and shear in the band from 0.01 to 100 cpm. TheI

response model generates shear spectra that are consistent with the ECM spectra
po low wavenumbers and with the airfoil probe spectra at high wavenumbers and

reasonably accounts for features of measured ACM spectra in the intermediate band.
However, there are uncertainties that require comment. (
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I I Figure 14, cont.

While the agreement of ACM and ECM results is satisfying, we cannot considerI the ECM an absolute standard, and so seek further validation. Peters et al. (1991)
compare ACM profiles from several MSP drops through the Equatorial Undercurrent

(EUC) with simultaneous measurements by an RDI acoustic Doppler current profiler
(ADCP) (the ECM was ineffective owing to slow MSP rotation and the proximity of
the magnetic equator). Considering mean profiles beneath the EUC core, the shear is

* 10% higher in the ACM data than in the ADCP data (which was prone to systematic
* errors in this regime). in contrast, ACM levels for PATCHEX are about 10% lower

than the ECM levels (Figure 15). We feel that our low-wavenumber tuning (via HN)
is a good compromise. With the additional concerns from our use of nominal ACM
calibrations and neglect of lateral drag and vertical water motions, we estimate a
combined uncertainty of 10%-15% in the large-scale ACM results.

At scales around the vehicle's length, there is no standard for objectively judging
the ACM profiles. Between 0.1 and 1 cpm, we can only require that spectra are smoothii in shape, that is, that the model has decently corrected the effects reflected in the
measured spectra. The model meets this criterion fairly well. The similarity to GM76

spectra and coherence with the ECM spectra are also encouraging. Irregularitie5 that.
sometimes appear near 0.2 and 0.4-0.5 cpm might imply a narrowband uncertainty
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Figure 15. Total shear spectra of 28 PATCIIEX diops, 4-8 MPa, computed from
ocean velocity profiles. Top panel: ECM spectrum 4,'' (light lihe, truncated at 0.4 cpm),
standard ACM spectrum *"'t (heavy line, with 95% confidence limits), tilt!ess ACM

spectrum (light line) calculated using B1 = L, = 0 (see text), and GM76 spectrum I
(dashed line). Bottom panels: Squared-coherence and phase between ACM and ECM
velocities (east components), 95% confidence intervals shaded. Heavy lines are for stan-
dard ACM; light lines (near 0.2 cpm) are for ACM processing without tilt and oscillation I
corrections. The phase truncates at 0.6 cpmn, where the coherence vanishes.
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10,3~K Irot 2 1Krot

E
10-4

IFlorida Straits a
14 drops (mid-channel)

2.4--r.45 MPa

50L

C.-

10.3 ~ ~ Wa 10.2 w av an, ber cpM1 0-110

L Figure 16. Total shear spectra of 14 midchannel Florida Straits drops, 2.4-6.45 MPa,
computed from ocean velocity profiles. Spectral processing is simiilar to that for PATCH1-
EX, except that transforms are taken on segments of 2.7 MPa rather than 1.0 MPa. Top
panel: ECM spectrumn 4ýr (light line), ACM spectrum lb (heavy line), and GM76

- spectrum (dashed line, N = 0.00504 s-1). Bottom panels: Squared-coherence and phase

between ACM and ECM (east components).
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Figure 17. PATCHlEX North 4CM (,'a) and airfoil (,""',) shear spectra computed
from 5.75 to 9.25 MPa. The airfoil spectrum is doubled for comparison with the ACM
total shear spectrum. The GM76 internal wave model shelar spectrum (dashed line,
N - 0.00315 s-1 ) and Nasmyth turbulent model shear spectrum (dotted line, f = 1.94 x
10-9 W kg-1, doubled for complarison) are plotted for reference. The ACM spectrum.,

-orrected or vaLriance removed by the 2-kPa Bartlett window, tails up after 3.5 cpm
owing to alia-sing (Appendix A). The airfoil spectrum is unreliable before 1 cpm and is
at noise levels past 30 cpm.

of 10% -30%, based on their deviation from a smooth spectrum. However, when, l ucA Isc
spectral features are figured into the integrated shear, their significance is diluted.
Individual profiles can suffer from effects that are not obvious in spectral results.
For example, the model occasionally generates 5-iri oscillations by overamplifying
features from the measurements. This is most apparent when shear at neighboring
scales (2-10 in) is weak over some depth interval.

For high wavenumbers, we consider the ACM as the standard since it is morc
stable than the airfoil probes. Their spectral levels compare favorably, especially when
considering raw ACM data (Appendix B). The ACM measurements are affected by
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3 oscillation but not by point-mass motion, so the uncertainties come from L, and
from calibration and noise in the ACM and accelerometers. We are satisfied with the
microscale results, since our goal is to patch together ACM and airfoil spectra towardI resolving shear variance out to the viscous rolloff.

The concerns we have raised thus far are mainly model related. Now we addiess3 uncertainties introduced as the ACM measurements are transformed into geomag-
netic coordinates. To gauge the potential effect on our results, we perturb zero
offsets, calibrations, or alignment adjustments and reprocess the data. For tests
run on PATCHEX drops, minor perturbations have little effect on 4 Excessive
modification of zero offsets (by 10 mim s-1 in contrast to expected uncertainties be-
low 2 mn s-') yields the strongest response, elevating the spectrum tenfold at Krot.

Moderately altering the sensitivity (10%) or the alignment (100) of a single ACM
axis increases variance by 5%-15% in the band from 0.17 to 0.25 cpm. These effects
appear predominantly in the clockwise component of rotary spectra (computed in the
downward-looking oceanographic convention; see Gonella, 1972).

C. Noise and Errors

The ACM noise level sets a lower bound on the noise in our ocean velocity
profiles. Unless N < 10-3 s-1, spectra conforming to GM76 stay above the ACM

I noise floor (10-' ni s-2 cpin-') for k < 1 cpm. Low-pass filtering the raw data
reduces the rmis noise; transfornming to geomagnetic coordinates and correcting for
oscillation could add some noise. The degree of uncertainty in the model results
depends on the scale. For scales over 10-20 m, where velocity variance resides, the
effect, is equivalent to a 10%-15% calibration uncertainty. At scales exceeding the

E rotation length, rmis differences between ECM and ACM profiles are 3-20 mm s-'.
For 2- 10 in, the vehicle response fluctuates such that the model amplifies some scales
and attenuates others. Sensitivity is greatest around the 5-m scale. We estimate
uncertainties of 10% in general and up to 30% at spectral irregularities. To assess
uncertainty in a specific profile, we could examine the effects as the model is run over
a range of parameter values.

Our studies rely more on shear and Richardson numbers than on velocity profiles.
Noise and uncertainty in shear depend on the scale over which it is computed. If larger
scales are the focus, we reduce the noise by filtering the velocity data, Regarding
shear spectra noise levels, the ACM and the airfoil probes are both around 4 x
10-' s- 2 cp--i at 1 cpm, with the ACM floor sloping up thereafter and that of the
airfoils falling slightly out to 30 cpi. Uncertainty in shear is related to that in velocity;
it is easier to quantify at large scales than at intermediate scales. Unfortunately, shear
is concentrated at scales where the response model is most questionable. Again, we
could make specific error estimates by running repeated simulations on the drops in
question.
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Gregg (1979) presents several formulae for estimating relative uncertainty and i
noise in computed quantities. The relative noise opJ/Ri increases with noise of the
temperature, conductivity, pressure, and velocity sensors, decreases with larger inter-
val size, and increases with the actual value of Ri. For MSP, noise of the CTD sensors
contributes much more than that of the ACM. While we can apply the relation to
estimate ORi/Z for a given MSP profile, we must rely on repeated simulations to
estimate relative uncertainty.

4
I
I
i
I
I
I

I
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* VI. CONCLUSIONS AND SUMMARY

High-quality measurements mark the sound performance of MSP. Success comes
from the combined abilities of its sensor systems coupled with its advantageous behav-
ior as a platform. The drag brushes slow the descent, enhancing resolution of temnper-
ature Microstructure. With a fall that is quiet and low in vibration, MSP can detect
a wide range of viscous dissipation rates. Rapid sampling of temperature and ve-
locitv data allows broadband comparisons between fine-scale and microscale sensors.
In particular, ACM data are useful in assessing the veracity of airfoil spectral lev'ls.
The ECMl provides a check on large scale ACM results without deployment of extra
equipment (as would be required, for instance, with acoustic tracking). Adjustabhl
turning blades spin the vehicle, meeting a requirement of the EC M nethod. Rtotation
also enables determination of bias and misalignment in the ACM, accelerometer, and
magnetometer channels. A single set of accelerometers is suflicient for monitoring
vehicle tilt, since fre~e oscillation is suplressed by damping and ol'-resouant forcing
at the tail. Hlowever, by strengthening lateral forcing, the tail array of brushes and
blades adversely affects the ACM measurements.

We have focused this report on our treatment of the ACM data because the
resulting oceanic protiles and spectra are central to MSP investigations of shear and
mixing. lWith its stabiliiy and low noise, the ACM can resolve inotions on vertical
scales froul 1 to 10 In and beyond. It measures the relative flow past its transducers.
and thus proper iiiteipretation of the data requires knowledge of the orientation and-
motion of the platform. I)(tcrn'ining the gross vehicle motioni is the miiost difficult
task. for which we rely on a comriputationa model based oon our understanding of the
horizontal dyna.mics affecting MSP. At large scales, forcing at the nose couples NISI'
to the flow, much like the prolilers TOPS and IIMRP. The troublesome aspect of the
response is the tendency of MSP, because of enhanced tail forcing, to follow motions
of scales near its own length. This behavior, combined with the swaying of the ACM
from tilt oscillations, complicates the ACM measurements such that their spectra are
deeply notched near 0.2 cpm with lesser contortions thereafter. To be successful, our
lno('el must account for such features in the measured spectr,. While ECM results
guide us a.t scales exceeding the rotation length, lo standard exists at smaller scales.

TlhW transformation from ACM data into oceanic velocity profiles occurs in
stages. First, we use' magrnetometer data to resolve the ACNI and acceleromneter

i data into geOnmagnetic coordinates. Next, we remove vehicle tilt. and oscillation froxii
the ACM measurements, inferring the corrections from tilt-dominated accelerometer
odata. The model simulates the gross horizontal motion of the vehicle as it is responds
to forces at the nose and tail. Three parameters specify the location and strength
of each force in proportion to the oncoming relative flow. We manufacture the ye-
hicle velocity by integrating the modeled accelerations and thlen compute the ocean
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velocity by adding on the corrected relative measurements. Rather than adhering
to supposed or theoretical values for the parameters, we adjust them empirically by
matching analytic transfer functions to the observed response.

Velocity profiles and shear spectra produced by the ACM processing gatisfy i
most of our stated objectives and criteria. At large scales, the ACM results agree
well with ECM profiles and spectra. The accelerometers and response model capture
the effects--oscillation and tail forcing-that shape the measured spectra between I
0.1 and I cpm. Consequently, our ocean shear spectra are fairly smooth within this
difficult band, aside from minor deviations near 0.2 and 0.4--0.5 cpm. Airfoil and ACM
spectra usually cross or overlap between 1 and 3 cpmi. The consistency between ECM,
ACM, and airfoil results confirms tile ability of MSP to resolve oceanic shear spectra
from 0.01 to 100 cplm.

Overall, we arc satisfied wiLh our ACM results, but we do have soine comments
and concerns. Considering sensitivities in the uneasuremeints and model parameters,
uncertainty in spectral levels is 10% in general, but is potentially higher near 0.2 cpm I
and near the rotation wavenumber, K,.o¢. Some parameters differ significantly from
their predicted values: a strong nose force and an upwardly displaced tail force are
required for success. In the spatia! domain, somne portions of profiles should be viewed
with suspicion. Near the surface, results are confounded by surface waves, vehicle
spinup, and startup transients in the model. Neglect of lateral drag on the niain
tube may cause the model to underestimate acceleration through sharp or strong
shear features. Thee model's extreme response at 0.2 cpIi can generate unrealistic
5-in oscillations in velocity or shear profiles (more of a concern for the large-tail
configuration than for the sniall-tail onc). Finally, velocity profiles contain depth-
independent oftfsets and extend to iio more than 1200-ni depth.

We. compare MSP with TOPS and 111W in terms of vehicle behavior and treat-
mnent of ACM data. In some ways, MSP is superior in acquiring data: a slow, quiet
fall improves nmicrostructure measurements, rapid sampling allows more flexibility in
data processing, and the ECM provides an onboard check on ACM results. How-
ever, the drag brushes and turning blades that control the descent also complicate
the ACM measurements by causing MSP to be more responsive than the other pro-
filers. Regarding vehicle tilt, both MSP and HRP improve upon the weakly damped
resonant response of TOPS. With its greater length, 1IRP attains a strong righting I!
momneni and large nionient of inertia, leading to rapid damping of its free, oscillation.
In contrast, the tilt response of MSP is more forced than free, as opposing nose and
tail forces tip the vehicle. Also, the tail effectively stiffens and damps the resonant
mode. A tailless MSP would oscillate badly, judging from the proximity of its centers I
of buoyancy and gravity. The TOPS model couples the equation for gross vehicle
nIotion to that for vehicle tilt. The primary use of its noise-limited accelerometer

I
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measurements is in tuning the tail force parameter. Neither MSP nor HRP process-
ing includes tilt dynamics in modeling vehicle velocity. Both remove oscillation effects
from their ACM measurements, but only the MSP corrects for the component of fall
rate detected with tilt. One set of accelerometers suffices for monitoring MSP's tilt;
11RP has sensors at both ends to decouple tilt from other acceleration signals. All

i three models employ a linear nose force and ignore lateral drag, vertical water motion,
and rotation effects. Peaks near the pendulum frequency dominate spectra of TOPS
accelerometer and ACM measurements; it is only in the transfer function between the
two that effects of tail forcing are apparent. The HRP model omits the tail force, as
oscillation correction seems competent to account for spectral irregularities. The MSP
model requires a tail force to explain the 0.2-cpm notch and surrounding features in
the measured ACM spectra. By eliminating dependence on fall rate and combining
several physical parameters, we employ only six simple parameters in our vehicle re-
sponse model. WVe use model transfer functions to select parameter values, to assess
model sensitivities, and to plan modifications toward improving vehicle response.

Much of the design of MSP involves controlling and monitoring vehicle motion.
The array of drag brushes and turning blades affects all aspects of the respoi:se-_
vertical, horizontal, and tilting. The large-tail configuration met our goal of a ,low
descent but adversely affected the ACM measurements by making MSP respond too
quickly to horizontal flow. We diminished the horizontal response, at the cost of a
quicker descent, by reducing the width of the tail array (there were no significant
changes in vehicle tilt or vibration). Our desire for a fairly steady fall rate precludes
lessening the negative buoyancy to compensate for the weaker drag. Weighing the
important benefits to the ACM measurements and processing against the minor loss
in resolution of temperature microstructure, we conclude that the small-tail co.nfigu-
ration is a valuable advance in MSP's design.

I
1

i'm NNN

TR 9414 43



UNIVERSITY OF WASHINGTON - APPLIED PHYSICS LABORATORY

REFERENC ES

Allen, 11. J., and E. W. Perkins, 1952: A study of effects of viscosity on flow over
slender inclined bodies of revolution. National Advisory Council for Aeronautics

Report No. 1048, 13 pp.
Bendat, J. S., and A. G. Piersol, 1971: Random Data: Analysis and Measurement

Procedures. Wiley-lntcrscience, 407 pp.
Brown, N. L., arid K. D). Lawson, 1980: A high precision acoustic current sensor.

Near Surface Ocean Experimental Technol. Workshop Proc., It. Swenson and It.
Mesecar, Eds., Naval Ocean Research and D)evelopment Activity, Bay St. Louis,
MS. 57-74.

Carson. II.. M., and J. J. Simpson, 1978: Conmment on 'Design considerations Of Wing
stabilized frec-fall vehiicles' by A. C. Mortensen anid It. H'. Lange. Deep-Sea lies.,
25, 577- 579.

Chavc. A. D)., D. J. Thomson, anld M. E. Ander, 1987: On the robust estimation of
power spectra, coherences, anid transfer functions. J. Gcophys. Res., 92, 633-648.

Evans, D. L., 11. T. Rossby, M. Mork, anid T. Gytre!, 1979: YVETI'E--a free-fallI
shecar profiler. Decp-Sca Res., 26, 703--718.

1)esaubies, Y. J. F'., anid M. C. Gregg, 1978: Observations of internal wave vertical
velocities by a free-fall vehicle. Deep-Sea Res., 25, 933- 946.

Gargett, A. E., P. J. Hendricks, T. B. Sanford, T'. It. Osborn, arid A. J. Williamis
1I1, 1981: A composite spectrumi of vertical shear in the upper ocean. J. Phys.I
Oceanoyr., 11, 1258--1271.

Garrett, C. J. R.., anid W. If. Munk, 1975: Space-time scales of internal waves: A
progress report. J. Geophys. l~es., 80, 291-297.

Gonella, J., 1972: A rotary-component method for analyzing meteorological anid
oceanographic vector time series. Deep-Sea R~es., 19, 833--846.I

Gregg, M. C., 1979: The effects of bias error and system noise on parameters com-
puted fromi C, T', P and V profiles. J. Phys. Occanogr., 9, 199-217.I

Gregg. M. C., an1. 13. Mahr190Te yincresponse of glass rod tliermis-

tors. J1. Geophy~s. R~es., 85, 2779-2786.

Gregg. MI. C., and E. Kunze, 1991: Shear and strain in Santa Monica Basin. J.
Geophys. Res., 96, 16,709-16,719.

Gregg, M. C., and T. B. Sanford, 1980: Signatures of mixing from the BermnudaI
Slope, the Sargasso Sea, and the Gulf Stream. J. Phys. Oceanogr., 10, 105-4127.

44 TR 9414I



UNIVERSITY OF WASHINGTON. APPLIED PHYSICS LABORATORYI
Gregg, M. C., and T. B. Sanford, 1988: The dependence of turbulent dissipation on

stratification in a diffusively'stable thermocline. j. Geophys. Res., 93, 12,381-
12,392.

Gregg, M. C., D. P. Winkel, and T. B. Sanford, 1991: Internal wave shear and
dissipation. Dynamics of Oceanic Internal Gravity Waves, Proc., 'Aha Iluliko'a
Hawaiian Winter Workshop, SOEST Spec. Publ., P. Mfiller and D. Henderson,
Eds., pp. 1-29.

Gregg, M. C., D. P. Winkel, and T. B. Sanford, 1993: Varieties of fully resolved
spectra of vertical shear. J. Phys. Oceanogr., 23, 124-141.

Hayes, S. P., I1. B. Milburn, and E. F. Ford, 1984: TOPS: A free-fall velocity and
CTD profiler. J. Atmos. Oceanic Tcchnol., 1, 220-236.

Ninnis, It., 1984: The effects of spatial averaging on airfoil probe measurements of
* oceanic velocity inicrostructure, Ph.D. dissertation, Univ. of B. C., Vancouver,

Canada, 109 Ipp.

Oakey, N. S., 1982: Deteriiniation of the rate of dissipation of turbulent energy from
simultaneous temperature and velocity shear microstructure measurements. J.
Phys. Oceanoyr., 12, 256-271.

Osborn, 1'. 1., 1974: Vertical profiling of velocity microstructure. J. Phys. Occanoyr.,
S4, 109-115.

Osborn, 1'. I., and W. It. Crawford, 1980: An airfoil probe for ineasuring velocity
I fluctuations in water. Air-Sea Intcraction: Instruments and AMethods, F. Dobson,

L. Hlaase and 1. Davis, Eds., Plenunm Press, 369 386.

Peters, 11., M. C. Gregg, and T. B. Sanford, 1991: Equatorial and off-equatorial fine-
scale and large-scale shear variability at 140'W. J. Geophys. Res., 96, 16,913-
16,928.

I Sanford, 1'. S., It. G. Drever, and J. H. Dunlap, 1978: A velocity profiler based on
the principles of geomagnetic induction. Deep-Sea Res., 25, 183-210.

Schmitt, 1. W., J. M. Toole, R. L. Koehler, E. C. Mellinger, and K. W. Doherty,
1988: The development of a fine- and microstructure profiler. J. At-mos. Oceanic
Technol., 5, 484-500.

Singletoi, R. C., 1969: An algorithm for computing the mixed radix fast. Fourier
transform. IEEE -Thans. Audio Electroacoust., AU-17, 93-103.

* Winkel, D. P., N1. C. Gregg, and T. B. Sanford, 1992: Simultaneous observations
of shear and turbulence in the Florida Current. Preprints. Tcnth Symposium on
7lurbuhknce and Diffusion, Portland, Amer. Meteor. Soc., (j5)101--104.

Wrigley, W., tHollister, W. M., and Denhard, W. G., 1969: Gyroscopic Theory, Design,
and Instrumentation. M. I. T. Press, 432-435.

TR 9414 45



UNIVERSITY OF WASHINGTON , APPLIED PHYSICS LABORATORY

Appendix A: SENSORS AND DATA PROCESSING

S1. ACM: Noise and Aliasing

The acoustic current meter detects the relative velocity of water moving between3 its paired transducers. At intervals of 250 ps, each pair simultaneously transmits
2.75-MHz pulses of 75-pss duration, whose phases upon arrival at opposing sides differ
owing to the water motion. Received signals are heterodyned with a frequency 156 Hz
greater than that of the transmission, and the output is bandpassed to retain only
the 156 tlz difference component. Further signal processing yields, at about 312 11z,
voltages proportional to phase differences and, thereby, to velocities (Brown and
Lawson, 1980). This ACM output is low-passed through a 10-Hz Chebyschev filter,
subsamplcd at 62.5 Hz, and digitized with 16 bits. The static sensitivity of the ACM
is kl 2/df, where 4- = 0.025 is a circuit-related calibration factor, c is the speed of
sound (in meters per second), d is the transducer separation (0.2 in), and f is the
carrier frequency (2.75 M1tz); nominally, using c = 1500 m s-1, the sensitivity is
0.1023 (in s-1 )/V. We used this nominal value until the Florida Straits cruise before
which we calibrated the ACM by repeattedly towing it in a salt-water tank.

When formed over short intervals, spectra from either ACM axis hit a noise
floor near 10-' (in s-)'2 lIz-' and drop sharply at 10 11z owing to the low-pass filter
(Figure Al). Narrow-banded oscillations of drifting frequency show up as spectral
spikes, such as those at 1.6 and 9 Hz in Figure Al. They rise around an order of
magnitude above the noise floor, although their amplitudes differ between axes and
from cruise to cruise. We reproduced the behavior by cooling one of the oscillator
crystals and forming spectra as it warmed to room temperature. Circuit modifications
were then made that reduced the spiking and lowered the noise floor. In so doing, the
carrier frequency (f) was slightly lowered, necessitating the empirical recalibration.
Because of their drifting frequency, the spikes are srmeared out in ensemble spectra
formed over large intervals and multiple drops, effectively doubling the level of the
noise floor.

I The effects of digitally filtering and subsampling the ACM data are shown in
Figure A2, which tracks velocity spectra through four stages of processing.

I 1. The initial spectrum is formed from linearly calibrated, fully sampled ACM
data; then the average fall rate over the indicated drops and pressure range is
used to convert from frequency to wavenumber. For each ACM axis, spectra
computed for 0.08-MPa (8-m) segments spanning the pressure range are ensem-
ble averaged to form the autospectrum. Displayed in Figure A2 is the total
spectrum, the sum of the two comp)onent spectra.
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Figure Al. Drop 0095, single-axis spectra from acceicrometer (top) and ACM (bot-
torn). Each spectrum is the ensemble average of successive 10-s segments (about 2.5 m)
spanning the 60-s interval from 6.8 to 6.95 MPa.

2. Smoothing the data with a 2-kPa (0.2-m) Bartlett window attenuates the spec-
trumn past 1 cpm and halves the rmns noise. The effect is equivalent to multiplying
the unfiltered spectrum by Ik/4

4l!2wRk) =,sin(27rk'L/4))2rL4

where L 0.2 in is the full width of the window and k is in cycles per meter.
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Figure A2. Example of effects of filtering and subsampling on ACM velocity spec-
tra, five Tropic Heat 2 drops at 11.5'N. Autospectra of the two ,rthogonal components
are summed to yield the displayed spectra of total horizontal variance. Spectra rep-
resent (1) linearly calibrated 62.5-Hz data; (2) data from (1) filtered with a 20-kPa
Bartlett window; (3) ocean velocity data on a 10-kPa grid (vwat); (4) spectrum from (3)
compensated for the 20-kPa Bartlett filter.

3. Subsampling the filtered da.ta onto a. 1-kPa (0.1-m) grid folds variarce past
the Nyquist wavenumber of 5 cpm to lesser wavenumbers, leading to noticeable
aliasing from 3.5 to 5 cpmn. This spectrum represents the 1-kPa ocean veloci-
ties (zwt) obtained by removing vehicle motion from geomagnetically resolved
ACM data. The 3.5-MPa pressure range is divided into l-MPa (100-in) seg-
ments, with successive segments overlapped by 50%. For each segment, the
veIocity data (1000 points) are first-differenced, demeaned, and Hlann filtered.

Singleton's (1969) method is used to take the Fourier transform, and the result-
i ing autospectra are corrected for the first-differencing and for the variance lost
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from the Hanning window. The total velocity spectrum is the sum of the cast
and north autospectra. Finally, spectra from all l-MPa segments are ensemble
averaged.

4. The last step divides the previous spectrum by H1w,(k) to recover the variance
filtered out by the Bartlett window.

The initial (1) and final (4) spectra coincide from 1.5 to 3.5 cpm. The upward hooking
of the final spectrum at its highest wavenumbers emphasizes its contamination by
aliasing. They differ at lower wavenumbers because of the conversion from relative to I
ocean velocity and also because of the difference in windowing and associated Ilanning
weights: segment sizes for raw velocity were 0.08 lAPa while those for ocean velocity
were 1.0 MPa. I

Spectra exhibited earlier in this document were formed using the processing steps
described for stages (3) and (4); shear spectra were obtained by multiplying velocity
spectra by the square of the radian wavenumber, (27rk) 2 .

2. Accelerometers and '. iantization Noise

Prior to 1989, Sundstrand Q-flex model QA-1100 accelerometers were used in
MSP with nominal calibrations. They were replaced by model QA-1400 sensors,
each With its own manufacturer-supplied calibration. There is little difference in I
the performance of the two models, Quantization sets the noise floor at around
5 x 10-' (in s-2)2 11z' (Figure Al). The rms noise of 2.6 x 10-i m s-' (Table 3)
results from muliplying this spectral floor by the Nyquist frequency of 12.5 Hz. This
quantizati(ri noise exhibited by our 16-bit AiD is thrice the level of (q2/12)-where
q is the resolution-predicted by Bendat and Piersol (1971). (Note that the 125-1Iz
temperature and conductivity channels are also quantization-linfitcd.) To avoid con-
taminating ACM velocities, noise is filtered out of the small-scale (k > 1 cpm) ac-
celeronmeter data before tilt and oscillation corrections a.re computed.

3. Sensor-to-Instrument Transformation

An orthogonal coordinate system is defined on the vehicle as a reference for thie N
sensor systems. This right-handed ijk frame has the vertical k axis up the geometric
cent-erline, the i axis radially outward toward an inked line on the main tube, and
the j axis 900 anticlockwise from the i axis (looking from above). The horizontal
components of each sensor systeem define ab coordinates, with the magnetometer also
measuring along a vertical c axis. The magnetometer and accelerometer axes are
closely aligned with the instrument frame, while the ACM and ECM are rotated in_
the ij plane. Zero offsets (bias) and uncertainties in sensitivity and alignment of the
sensor axes are considered as data are mapped to ijk coordinates.
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The drifting offsets in the ECM data are estimated with a low-frequency spline,

as illustrated in Figure 5. For the ACM and accelerometers, zero offsets are estimated
for each drop by averaging the data over a deep, thick interval encompassing an
integral number of vehicle rotations. These averages ought to be zero, assuming that
small-scale oceanic shear is reasonably stationary with depth (Hayes et al., 1984).
Therefore, deviations from zero are attributed to sensor bias.

Treatment of magnetometer data relies on the constancy of the geomagetic field,
B BH S" + Bz 2, during a drop (although i is downward in the discussion of the
point-mass model, it is upward in this appendix, so Bz < 0 at northern latitudes).
Along with an angle to orthogonalize the two horizontal axes, offsets and scaling
factors are found such that tile adjusted data describe most closely, in the least-
squares sense, a circle of radius By. For the vertical axis, an offset, a scaling factor,
and two angular adjustments (described below) are found such that the adjusted data

* deviate minimally from Bz.

The transformation of data from the measured horizontal components to the
instrument frame consists of three steps. In tile following, (d,, db) refers to the original
data for any of the sensor systcms (ACM, ECM, accelerometers, or magnetometer).
First, the measurements are adjusted using

da, = sa(da - o,) and db' = ,(db - Ob)

to apply Zero ofisets (0a, Ob) and scaling factors (sa, sb). Next, with the a axis as the
reference so that d,,, = dl,,

db, = (d(, sin 6"',,.,l, + d,)/ cos 6 /or,

I ort liogonaliz's the daLa for an augular deviation b,"'orei of the b axis (for magnetometer
atid XICM, only). Finally, given the angle i from the MSP i axis to the sensor
a axis,

d, =7 da• COS ,i,,t - db" sinl V/i,

I d3j = d,,,, sin #',• - db,, cos diIt

co(0pletes the conversion to instrument coordinates (acceleroi'cters and magnetonie-
tl'" ass Iu i 'ii, t= 0).

TIle vertical iiiagnetonieter measurements are offset and scaled, and the resulting

b,(, are orthogonlize(d via

b,,, = [b,, - (b,,,, cos V,,. + b- b"Sill k ,) sill 60,] / Cos 60,

where the c axis is at angle 60,. to the k axis and its projection onto the ij plane is
atl angle b6i/y to the a axis. The last. step is trivial, bk = b,,,.

I
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4. Instrument-to-Geomagnetic Transformation

The orientation of the instrument relative to the geomagnetic frame can be
expressed in terms of rotations through three Euler angles (Wrigley et al., 1969).
Given reliable magnetometer (b1, bj, bk) and accelerometer (aj, a,, ak) measurements, I
these Euler angles can be determined and used in constructing an orthonormal matrix
that transforms data from the ijk frame to the xyz frame (J. H. Dunlap, APL-UW,
"Coordinate Transformation for MSP Data," September 1985). The ECM processing I
employs this technique, one result of which is the removal of all tilt effects from the
accelerometer and magnetometer data (i.e., a, = b= = 0, a. = g, by = Bq, and
b = Bz).

For the ACM processing, geomagnetically resolved tilt data are needed so that
corrections for platform oscillation can be made. Therefore, an alternate approach
must be taken in which the rotational orientation of the vehicle is determined solely
from the horizontal magnetometer data. The task is to find the angle 0 from the
eastward x axis to the instrument i axis.

Before 0 is computed, the tilt contributions in bi and b2 are removed. Otherwise,
noise or uncertainty at the order of the tilt angles (less than 1') is generated in the ro-
tation angles. The tilt along the instrument axes is estimated from the accelerometer
data, i

Oi = ai/g and Oj = a.g,

and is then used to adjust the horizontal magnetometer measurements,

b,, = bi - Bz sin Oi and bj, = bj - Bz sin 0,

The rotation angle is such that

Sinhi,= b 1 / and cos k= bj,

±b b+,) 2  (bM, + bj,) 1/2

Now. the ACM, accelerometer, and uncorrected magnetometer data are transformed
to the g(.oMagnetic frame via I

d = di cos- dj sin ¢

d = di sin + di cos I
d2 = dk,

in which tilt contributions remain.

Depending on the method-the Euler technique or the use of horizontal magne-
torneter data with or without tilt effects-the estimated rotation angle varies slightly. I
Owing to the small tilts of MSP, the differences among the methods are too small to
h)e significant in1 geom.gnetically resolving the ECM or ACM data.
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5. ECM

The convcrsion from the ECM mcasurements (c,, c) ill microvolts to velocity in
nmeters per second is

1000
J = J3zdc, (1+cl) i c

vv = -- (lO c) - 131(1 A- C2)vv 13z d,(1 -+ el) x• B;,(1 +t cl)

Iwhere the geomagnetic field is ill nanoteslas, the electrode separation d, is 0.42 nl,
constants c2 and c , (0.97 and -0.03) arc related to the approxiimation of MSI) as
an electrically insulating prolate spheroid (Sanford et al., 1978), and the fall rate is
14' = 14, ;81 > 0.

6. Tilt Angles fl'om Magnetometer Data

In the ACM processing, the neglect of MSP's small tilt angles places the trans-
formed data in coordinates that are slightly tipped from the gomiagnetic frame. The
ren ant accelerometer signals allow correction of the ACM data for tilt oscillation as
wel as position. Tilt-induced signals also remain in the niaguetometer data. We con-

I sider these signals, (b=., by, b.), for small tilt components 0. aud 0v. With tilt coalfilled

to the y: plane,

I ~b,.=0

by = 13z sin0l -4. Ji cos01

*b= Bz cos0. - tii, sin0l .

When tilt Ii the xz plane is added, some of bU projects oito the x axis, with

b, = 13 z cos 0. sin 03, - B311 Sil0 sin 0.

by = /z sinl 0, A- B1 i cos v
bz = liz cos 0. cos 0. - l311 sill 0y Cos(0'.

as the apI)roxinlate result (the same result occurs, to first order iin the small angles,
when considering the tilts in reverse order or when following tilth exact. and more
lengthy analysis). Therefore, for small 0, and 0 and from tile above expressions, w.
caln estimate

b. - - 3 _ 1z - [radiazs] (Al)0X=Bz Ji 0- 3 - liH

from the tilt-affected magnetometer data.
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Appendix B: DATA PROCESSING FOR AIRFOIL PROBES

1. Sensitivity and Calibration of Airfoil Probes

An airfoil probe responds to velocity fluctuations that push on its sensitive tip,
deflecting the piezoelectric bimorph beam contained within (Osborn and Crawford,
1980; Oakey, 1982). The induced voltage is approximat-.ey proportional to the forcing
normal to tile beam. As discussed in Appendix C regarding tile vehicle response,
potential flow theory predicts a linear pressure force across a slender, axisymmetric
body for flows in which tile lateral coinmonent, v, is small relative to the axial, w. The
total pressure force, F (x vw, is distributed evenly along the paraboloidal tip. We
use Oakey's method for calibration, oscillating the probes in a laminar jet of speed
w. l'eak-to-peak voltages are fit against Av = w sin AO, the range of lateral velocity
implied by the known oscillation magnitude, to deternliuc the calibration factor, S,
(in volts per meter); inferring w from the measured pressure head (w0 = 2gh) accounts
for tilhe odd units. Now, with MSP falling at speed W, a signal of

IE = S,14. __ [-S-,W [V]
2g

should result from a turbulent fluctuation velocity of v. With increasing angle of
attack, however, cross drag forcing also contributes significantly, and therefore the
abowe formulation will underestimate the induced voltage (Osborn and Crawford,
198o).

Airfoil signals are conditioned before they are presented to the A/D converter.
'ITle voltage is boosted by a charge amplifier (in proportion to the probe's effec-
tive cal)acitance, and a gain adjusting amplifier, higher-frequency (smaller-scale)
fluctluations aVe eriiphasized by., differentiating circuit, and high-frequency noise

i is sulppressed by a 30-.Iz four.pole Chebyscbev filter. The probe itself has depeii-
dencies both spalial, as the tip smooths out small-scale fluctuations, and temporal,
as the beam equilibrates to attenuate slow variations. Altogether, the transforma-
tiol, froilm a velocity spectrum, @4,,1 (f) [nil s-z lz 1], into a raw voltage spectrum,
4.,H.(f) [V2 Itlz-] is givei ly

"ll2L (f ) 1 l1 2 (f // W ) S.)2 -H .iI( )LL~f)NINU ") S4),,l Mf 'D)•,w(f.1')

where S = S,,W/2y. The combined electronic response, HEL, and an example of
a raw slpectrumi (computed with the robust method described below) are shownSin Figure 131. For our probe response, H'iN(k), we use the formulation of Nin-

nis (19841), a quartic fit to measurements valid for k < 100 cpm; we do not con-
sider the l)robl)'s temporal response, as it is too slow to affect nticroscale inea-
sureilleills. ('onversions to wavenumber and to spectral density per wavenumber
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Figure B1. Drop 0267, raw voltage spectrum for airfoil probe # I computed with
the robust mnethod from 3.368-3,392 MPa (14=0.3241 in s-1). rhe combined transfer
function of the electronics, E~L, slopes upward to 25 11z owing to the differentiating

circuit and downward thereafter owing to the low.-pass filter.

are k fIW and = W'D(k) (f). The shear spectrum is computed as

-b'i-()= (27Wk) 2ýD,,)(k). Altogether,

6w Is-f) cpm-1]115'H (k
where 112 (k) = (S/2irk) HEL(f) HNIN(k) and f = kW. Using this expression,
the raw spectrum of Figure B31 is transformed to the shear spectrum of Figure B2.
Also shown is the probe response, H'IN, and the combined response, HS2H (at. this fall

rae.The nearly constant value of H2 at k < 20 cpm indicates that the conditioned

measurements represent shear rather than velocity. The approximate relationship is

E(t) Go(C7 3/Cf)Sj4W2 du (t 1 - duM IV
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cli combined, shear

l~g. probe
z

10-4jjt 0.

1 10~

1006

wavenumber /cpm

Figure 1B2. D rop 026i7, airfoil vs iNasinlylh shear spvctrunil. 13ottonil panel showsI ~shear spectrunm for airfoil probec ý/. 1 for the robust window fromn 3.368 -3.392 MI Pa. TIiu
integration cliIt~ofi waVelitumber, k, = 19.4 cpuii, is indicated. D~ashed li no its thle N aslinvthI

*spectruml for 4.25 x 10~ -'W kg'I and v = 1.22 x 1 0 " in' s- 1 . UpIpeI panlel show"S
-. 3 the Munkii pr1obe( responlse, 11NI (lgh lie) an h Olbhdtaifrfnto rIj

shevar to nica-stred voltage,, HI-', (lIw~vy line().

whevre Go = 9.7 is tlhe circuit. gaiii at I~ INli and (7,1(' ;:Z I is the( fiii tlier, prol c-
dependent gaini.

2. Spectral Processing

The periudogranii processing generates dissipation rates onl a 5-k-la (0.5-111) grid.
Two values ---one for each airfoil probe--are comiputed for each point. Each estiiiiat-c
is based oin data. fromi a window of L =5 kPa centered about the grid point, yieldingK U no) overlap between windows. Since the raw data are samipled at 125 lIz, the iuuiiibcr
of points ini a window varies with fall rate. After the data are demewaned, a Hilai
nling winldow (full cosinle taper) is applied. Zeroes are appended to the record unt.1l
a ttainiing a valid VP"] size (anl even integer factorable inlto 2, :3, and~ 5 ). TI'h power
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spectrum is foriued fron the transform of the data. After this raw frequency spec-
trum is corrected for tile varianci filtered out by the tinie-Ilanning, it is converted to
a wavenumber sp)ectrulll of shear.

Thc robust p)rocessing estimates dissipation rates on a 20-kl'a (2-rn) grid. It uses I
data windows of L = 24.24 li'a centered about each grid point. The slight overlapping
of windows, combined with the spectral processing within theni, evenly weights all
airfoil data in the drop. Multiple spectra arc computed within each window on i
segmnents of length S - L/4 = 6.06 kl'a. The actual size, which varies with fall rate, is
chosen such that the number of raw data points is a valid FF1T size. The raw spectrum I
for each segnient is formed using the same steps as in the periodogramml processing (but
without zero-padding). Segments are overlapped by approximately 70%, yielding 9
to 11 spectra per window (Figure 133). As spectral values at each frequency are 3
commibined to forin the ensemble spectrum for the window, mu-estimators are used to
heavily downweight high outliers (Chave et al., 1987). This technique, implemented
by . Itl lhlss (personal communicatiom, 1989), objectively and reproducibly rejects I
contaimi|natiom from mm spikes catused by plankton impjacts or electrical transients in
MSPls circuitry. However, the algorithm fails when spiking occurs too often in ai
wihdow. Alhso, if the aunplitude of the true signal changes abruptly, the window's I
Sl(ctrutlUI may be immiderestiimiated a!is the higher Variance segimen'Mmts are Ilmistakenly I

time / s
0 5 10 15 20

W=0.40 rn/s I

} g~ 6mil

4 rm

0 2 4 6 8

depth /n r

Figure B3. Windowing for robust processing of airfoil data, assuuming W = 0.40 ni s-I.
Winidows are 2.42,4 11 wid,, centered at 2, 4, amid 6 111. Each win(dow consists of 10
segumii lts, 11.66(i m1 long aild ,'rlappiwd 70%. Sh Iape of sg, mnItIs imdicates weighting of
Alhanimmig winidows.
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downweighted. This effect is slight for the airfoil data, but it can be severe in robust
processing of temperature gradient microstructure.

The two methods produce similar results for sections of clean data, judging
from dissipation rates averaged over 0.1 MPa or more. We also find good agreement
when comparing spectra ensemble averaged over several consecutive windows; larger
windows are used in this case than in generating dissipation rates to provide a wider
overlap with ACM results (such as in Figure 17). There is a tendency for robust
dissipation rates or spectra to be slightly (up to 10%) lower than the periodogram

* results.

3. Dissipation Rates

For isotropic turbulence, c = 7.5v(du2/dz) 2, where v is the kinematic viscosity
and u2(z) are the horizontal cross-strearn velocity fluctuations. We estimate the shear
variance by integrating %hPm))(k) over an appropriate wavenumber band. The size of
the segment chosen in computing the Spectrum sets the lower limit, ko (as well as
the wavenumber interval, Ak = k0). Regarding the upper limit, k,,, it should be
high enough so that most of the variance has been captured but not so high that

I noise significantly contaminates the integration. The spectral noise floor is probe-
dependent and sometimes varies during a drop. However, the lower the dissipation
(and corresponding spectral levels), the sooner the noise floor is reached, and the
sooner the integration must be cut off. We use Oakey's analytic representation of
the Nassmyth turbulent shear spectrum to guide our selection of k,. This model
spectrum has a constant shape, but shifts in wavenurnber and amplitude with varying
Kolniogorov wavenumber, k, = (c/uv) 1/', and spectral level, A. = (V 5)1/4.

Summing the data spectrum from k0 up to 10 cpmn generates an initial estimate,
t1Ocpm. determined by finding the model spectrum that contains the same variance as
the data over this limited band. The trial cutoff of k, = 0.088 k, (k,• in cycles per
riicter) corrcsponds to the wavenumber before which resides 90% of the variance in
the model spectrum for clpm. If ku < 9 cpm, it is set to 9 cpm (this occurs when

._ < '2 x 10`0 M' kg-'); if/k > 100 cpm. it is set to 100 cpm, the upper limit of the
probe's resolution (this occurs when c_> 10-' W kg-I ). Summing the data spectrum
frOH koj to k, produces all imnproveI VeStflma, (st. A new k, is determined from

,,,t, arid the spectrui is again summed to yield the final value of c. No attempt is
made to compensate for unresolved variance (i.e., below 1 cpmn or past 100 cpmn),
since dissipation rates encountered by MSP seldom exceed 10-' W kg-'. At each
grid point, two estimates (one from each probe) are generated. If they are close (e.g.,

S3within a factor of 4), they are averaged together; otherwise, the lower value is chosen
since noise and spiking lead to inflated estimates.

In Figure B4a we compare a range of data spectra with their corresponding
Nasmyth spectra. Each data spectrum is formed by ensemble averaging 0.01-MPa
periodogram spectra (50% overlapped) over intervals of 0.1 to 0.2 MPa, within which
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103 Nasmyth .~ACM

EI

10-I

100 101 102 100 101 102

k 3 l/cpm k 3 l/cpm

Figure B4. Comparison of ensomblIe-avt-raged airfoil spectra (heavy linies) with (a)
corresponding Nasinytli spectra (light lines) and (b) corresponding single-axi.s ACM
spectra (dashed lines). D)rop niumbers, pressure range, iý, and T1 for the spectra are,
fronj Iottoin to top:

0346, 4.03-4.17 M11a, 3.2 x 10-" W kg-', 10.30C,
0387, 4.65--4.70 M1~a, 1.6 x 10-10 W kg-', 8.8 0C,
0348, 9.35-9.47 MPa, 4.2 x 10~ W kg' 1.0

0356, 2.79-2.91 MPa, 1.2 x 10-7 W kg-', 11.9 0 C,
0267, 4.83-4.93 MPa, 1.6 x 10-6 W kg-', 7.8 0C.

Arrows in (a) indicate average cutoff wavenuinbers for (integrations.
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there is minimal variation of dissipation rates. Also, spectra from the two probes
are averaged together, since they agreed well inl all cases. Tile Nasmyth spectrum

* is formied using thc mnean of the 0.02-Mlla robust dissipation estimates spanning the
* interval. All but the highest spectrum hit the noise floor by 100 cpml, with the lowest

spectrum barely above the noise at k < 5 cpin. Integration of such low spectra (out
to 9 cpmi) establishes our dissipation njoise level of 3 to l0x 1011 W kg-1. At lowI dissipation rates, thc variance of the inertial subrange is concentrated below 1 cpni,
beyond thce limlit for thle airfoil probes; oftentimes, there is no inertial subrange,
with motions becoming anlisotrojpic owing to buoyancy effects (e.g., for d/lv'N < 25).

As rates rise above 2 x 10"0 W kg-', turbulent shear spectra are increasingly well
resolved. 'The measured anld model spectra agree decently, with mihior differen~ces at
low wavenuniber and inl the location of thle viscous rollofl'.

Combining uncertainties of fall rate, probe calibration, tenll erat ure sensitivity,
and sp~ectral processing and integration, we estimate that our measured dissipation* .3 rates are within at factor of '2 the actual values. However, comparisons with the
ACM suggest additional uncertainty of anl 11ikiiownl iiatu re that miight. over.Iwelm(Il
the above- mimnctioned sources.

4. Airfoil Probes vs ACM

A unique feii.ure of MS11 is that. it mleasures velocity nulcrostructure with two
sieparate devices. The ACIM averagets motions across 2U-cnm litthis, positioned 2 (-ill
ahlea I of thle poinzt.-like ix measu rem ieits of the airfoil probes. '11w alignimient of the
airfoils differ [roim that of ounc ACM axis by uniiv '2U0 25 '. We' comipare shealr 51)e~ti'
[romi this axis, uncorrected foi- platforim motion, with 4(D"' [riahlaroislh
spectra oftenl agree We'll fromi 1 to 10 cpni (or- to where the ACM becomnes niOsy );

coheren-lce of the data call be (even Ijiorc lbroadbitnded, fromi 0.1 to 20 cpnm (att most).
WVith suich comparisons, we demionstrate the general success of the airfoil calilbra

Lions (wheni I C'M and airfoil spectra coincide), diagnlose contamiination by elevated
low-frequency noise, and iiote anl applarenit increa~se inl airfoil sensitivity with temipera-
ture and (dissipation rate. We infer contamination wheni the sp~ectrumi from the failing
p~robe is well above that of the AGM at, 1 cpnx and steadily falls to join it at sozime
greatcer waveliumibcri (while tile other probe tracks thc A(CM"-1 throutghout); in mxore
t urb~ulent sections of the drop, the sp)ectral m~ismalitch disappears as thle real signal

exetsthe low-frequmemny noise. Inl contra~st, variationis iii sensitivity are stiggested
Whelm time atirfoil probes mutually agree but chainge fromm nea~rly immatcliing to greatly e'x-3 ~ceeding the ACM ats condlitions vary (luring at drop. Most often, the ACM sp~ectrumii
runs necarly p~aralle'l to thle higher airfoil spectrum, but, somietimmes their flcIarat.ioII
inlcrease.s With wavenuuim1ber (its if the ACM spectrumi is attenuate~d).

3 In Figure 11-11) we plot. airfoil spectra againist their ACM counterparts. For tihe
lowest. pair, thje ACINI is barely al ove i ts nouise floor. TI he necxt h ighuest show." good
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agreement from 1 to 4 cpm. Moving up, the next two are well matched in shape, but
the airfoil spectra are higher by factors of 1.3 and 2, respectively. The highest spectra
differ in shape, diverging toward higher wavenumbers; however, the ACM spectrum
for tile next deeper 10-m interval of this drop parallels, at. a factor of 2.2 beneath, its
airfoil spectrum (which is close in level to that displayed).

We characterize each comparison by sunmming both spectra from 2 to 7 cpm and
then forming the airfoil-to-ACM ratio. For c < 10' W kg-', we stop at 5 cpm to I
avoid ACM noise (and at 4 cpm for c < 3 x 10"-1 W kg- 1 ). We summarize results

from the COARE3 cruise in Figure BS, plotting ratios against temperature, T, and
dissipation rate, c. There is fair agreement at lower 7' and c, with ratios varying from I
0.5 to 2 and occasionally 3. Ratios are generally greater at the highest T and c, often
rising above 4 and to as much as 8. Correlations between c, T, and N (or dT'/dz)
confound attempts to distinguish the source of the observed behavior. The ratio does--
rise with c for 7' : 29' and with T for c ; 3 x 10-' W kg-'. Comparisons from other
MSP cruises show patterns consistent with those of Figure 135.

Most of outr published shear spectra are computed within the therniocline, where
T' < 20'C and c rarely exceeds 10' W kg-1; thus, ensemible-averaged ACM and airfoil
levels appear well matched between 1 and 3 cpti. It was not until we focused on the I
warni, turbulent waters atolp the tropical Pacific therniocline that we noticed the
spectral misnmatches.

Variations in airfoil or ACM sensitivities can lead to sonie spectral separation.
When aii airfoil probe's sensitivity (or effective capacitance, CQ) is greater than sup-
posed, use of tile lower, supl)posed value will boost the computed shear spectrum. In
contrast, if the ACM sensitivity is greater than sul)pposed, the computed spectrum will
be too low. Indeed, airfoil sensitivity can increase with temperature and turbulent
velocity (Osborn and Crawford, 1980) and ACM sensitivity does go up with soundI
sp(Xld (and, therefore, with temperature for MSP's depth range). However, these
effects account for, at most, a factor of 2 difference between airfoil and ACM spectra.
Furthermore, the observed behavior lacks consistency; for instance, spectral ratios -
at a given temperature and dissipation rate call vary considerably from case to case
(even in a single drop). Other possible contributors include temperature sensitivity
in the circuits of the airfoils (probably weak) and the ACM (complex and difficult
to quantify) and attenuation across the ACM l)ath (difficult to characterize). One
point in sup)port of the contention that the airfoil is responsible: when their spectral 3
levels are reduced to agree- with those of the ACM (in Figure B4 for instance), the
lowered airfoil spectra and Nasniyth spectra, recomputed using the correspondingly
lower dissipation rates, tend to exhibit a better match than the originals, particularly
in the high wavenumber rolloff. If the airfoils are the cause, we are still uncertain.
whether the behavior is confined to MSIP probes and circuits, to all probes of outr
design and manufacture, or to all piezoelectric airfoil probes.
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Figure B5. Ratios of airfoil-to-ACM shear variance from COARE3 drops. Shear
spectra, formed for 0.1 to 0.3 Ml-a intervals, are integrated from 2 to 7 cpm to compare
variance (to av -id ACM noise, integrations end at 4 or 5 cpm for low-level spectra).
Ratios are indicated by symbols, which are plotted against the average ( and T for
each case. The intervals chosen for comparison include most of the high dissipation
occurrences (( > 10-8 W kg- 1 ) but only a representative sampling of lower dissipation
cases. The isolated high ratio at (3 x 10-9 W kg-1 and 13'C) is due to spiky data in3both airfoil channels.
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i Appendix C: VEHICLE DYNAMICS

I 1. Horizontal Dynamics

We restrict the horizontal dynamics by assuming MSP remains upright at all
times. Therefore, 0(t) = dO(t)/dt =_ 0, and all points on the vehicle move at vP(t),
the velocity of P from (3). The dynamics are like those of a point mass, since the
vehicle must accelerate uniformly regardless of where it is forced. The water trapped
under the skin moves along with the solid structure, so we include it in the defini-
tion of Al, the total vehicle mass. We examine the forces acting on MSP when the

I ACM is at reference depth z = z(t), as defined by (6). At some distance s > 0
above the ACM, the water encounters MSP with a (free--stream) relative velocity
v,,a(z - s) - v.,(t), the difference between (1) and (3). While the transverse (hor-
izontal) component

can vary along the body (Figure 9), we prohibit variation of the axial (vertical)
component

wa.t(z - W)- (t)
by assuming that VVW.t is constant over MSP's length.

The horizontal pressure forces employed by the model are based on potential
* flow theory. We summarize this result, following Hayes et al. (1984). Consider a long,

slender solid body of revolution about some s axis, fixed in place and pointed into
a uniform, inviscid flow with axial and transverse components w and v, respectively
(Figure Cl). For a small angle of attack a = tan-1 (v/w), the body experiences a
force, f(s), per unit length in the transverse direction of magnitude.

f(s): q0 dsin2a = pvw[ IN m-'], (C1)

TS d

where q0 =P(V + w2)/2 is the free-stream dynamic pressure, p is the fluid density,
and A(s) = i(r(s)) 2 is the cross-sectional area of the body (Allen and Perkins, 1952).

Al To apply (CI) to MSP, we fix the origin of the s-axis at z = z(t) with s > 0
upwards (Figure S), and sum f(s) up along the instrument. Since f(s) = 0 where

W dA/ds = dr/ds = 0, the constant -diameter main tube should feel no linear pressure
force. Integration of (CI) from the ACM (r = 0, s a 0) up onto the front of the main

I tube (r7 :-- a , 1 m, dr/ds = 0) yields the nose force, FN; integration from the
Sback of the main tube (r = rN, s ; 3 m) up to the maximal radius at the brushes

(-(r = 1T, s ; 3.7 m) yields the tail force, FT. While we do not expect a uniform flow
I in either region, we do assume that the effective horizontal flow felt. near the nose

or tail can be represented by a single relative velocity, VN or VT. Specifically, VU

is some suitable average of the horizontal relative velocities vwat(z -s) -- v,,p within
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S

f(s) A~.s)3S ......... r(s)
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V V

Figure C1. Pressure force per unit length on a slender body of reiolution whose
axis of symmetry is at angle a to an oncoming uniform flow, v. Cross-sectional area is
A(s) = 7r(r(s)).

the integration bounds. For the oncoming axial flow, Wreil = W.ý.,- Wwat > 0
has the proper sense. Integration of (Cl), under our stated assumptions, yields the

expressions in (11) for FN and FT. In the subsection on model formulation, we explain
how VAN and V7. are evaluated.

Including the added mass effect, as described in the main text, the balance of
horizontal forces is

dv dontM dt -FN+Fr--p~e dt ,

which simplifies to (12) for acceler-ation. Not included in this balance is the transverse

quadratic drag 1I
FD. - p CD,.A.'v 2 , (C2)

2

where CD, is the drag coefficient, v is the relative horizontal velocity, and A• is the

body's area normal to v. In most instances, drag force on MSP is negligible compared
to FNy and FT, and so we exclude it from the model. However, drag on the main tube
may be significant when encountering high shear.

2. Vertical Dynamics

Although computation of vertical forces is not part of the model, it is useful to I
express the associated dynamics. With M, and F1 as the mass and volume of the

solid structure,,
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All d-I • 1 - - "'B - Fz
dt 1

SgAla - g ,I'S p Co, Az 14"2ic (C3)S2

gravity buoyancy drag

where CI I is the vertical drag coceficient, and A, = 7rrr is the frontal area. Even
when drag balances net buoyancy, E1 - F", to keep VV•t) I•. = 1V,,,- ""wat constant,
MS)I's absolute fall rate, 14"mp, will vary as the water motion, t fluctuates with
del)th.

3. Tilt Dynamics

We assume MS1P acts like a forced, damped pendului so that

d'20 dO
IL' .- + l4' + KI:' 0 = LN F",A - L7 F7  [N i] , ((4)

where LN and L2 - are, respectively, the( distance bctwe(n FN and 1' and F7. and 1".
Coefficients Ij,-, ?L',, and Kh,, as described and roughly estimated in Table 2, are
"effective" in that they include the following contributions arising from interactions
between the falling MSP and the surrounding water: IL, includes added-mass effects as
well as the mass distribution of the vehicle and trapped water; RE. iiicludes damping
from oscillation-induced pressure forcm, at the tail; KL, includes righting froom vertical
drag at the tail (/')F) as well as the separation of I', and Fu. The forcing terms are
of opposite sign since FN.) > 0 gives an antMicoCkwise acceleration while FI. > 0 gives

a clockwise push.

We simplify ((4) by dividing through by IL- and by referring to (11) for FIN and
I",-, yielding

d2- + fh dO +0)= QN 1, - QT V'. [r'ad s- ,(c)

where 13 = RL'/I" ,0E = KLV/IL',

LN 2 I2 ¾ 1I I and Q. LT (. r '2W -I [, - s-111(C1.S)Qx= 1-j-..rrAP= -wri -~~ mu

and with VN, and V41 as specified in (17). We do not explicitly use (C5) in generating
velocity profiles. Rather, it enters into the transfer functions, derived in Appendix E.
with which we analyze effects of tilt dynamics on the ACM and accelerometer mnea-
surements. While (C5) competently models sonic aspects of the observed behavior,
it is an inadequate substitute for the tilt as inferred in (13) from the accelerometer
data.
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Appendix D: MODEL NUMERICAL INTEGRATION

I With vm",(z) constant over the integral bounds in (17), we can express (15) as

I dzp + (HN+HT) v.sp(z) = DN IZN+'DN ds (Dl)
HT fZT+O'5DT

+ DT' 1Z2 22.D wtz d~s.

The desired results are profiles of v,,,p and v,,,t at evenly spaced depths zj = zo +jAz.
We define a function U'j that satisfies

d(f +±(HN + HT) Uj = BJ (D2)

in the interval [zj-1, zj], where

I B = H• [I(z- 1 1 2 - (ZN + 0.5D24))- I(zj-1/2 -(ZN - 0.5DN))]
DN

-IT [I(zj- 1 1 2 - (Z7, + O.5DT))- I(zj_/2 - (ZI - O.5DT))]

is the right-hand side of (DI) evaluated at the interval midpoint z Z -1/2 2

u.';ing integrals

I(Z) J wtaL(s) ds

linearly interpolated from the running sums

i=n vwat(zi) + v..t(zi_.)•S(Z,) 2 - ---- z

(Note that I(Z < zo) =0 and that S(zo) =0.) With the initi..l condition Uj(zji) =
v,,I•)(zJ_), this differential equation for Uj approximates (Dl) Cor v.,,,, over the inter-
val, and thus vtlj(zJ) • U/(z'). The solution of (D2),

SUj(z) = [v,,•p(zj_1 ) -NH!NHTI exp[-(HN + 11T)(Z - Zj- 1 )] + IN + HT

U] is evaluated for z = z3 to update the vehicle velocity, vsp(zj) = Uj(zj). Finally, as
iin (18), we set vwa.t(zj) = Vms(zj) + v, 1(zJ).
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3 Appendix E: TRANSFER FUNCTIONS AND VEHICLE TILT

I In the first section of this appendix, transfer functions are derived for the hori-
zontal (point-mass) and tilt motion of MSP as it responds to oceanic shear. They are
used in the main text to find values for the point-iriass parameters and later in this
appendix to find values for the tilt response parameters. While not entirely realistic,
the modeled tilt adequately demonstrates the domrinance of forcing on the response3 and the appropriateness of inferring tilt from the accelerometer data. T'he efrects
of tilt position and oscillation on the ACM measurements are evaluated, with the
conclusion that uncertainties in the computed tilt or in the correction l)arameters 131
and L, have little effect on the resulting ocean shear spectra.

1. Response Functions

SWe generated several of the parameters listed in Table 6 while discussing vehicle
dynamics, interpreting the measurements, and specifying the vehicle response' I 111odel.
I Their various effects are examined most easily through the analytic expressions of the
vehicle response functions in wav'niumber space.

We define tile Fourier transform for water velocity as

•,.t(k,) =- 1'' v.=t(ýz). c--d':d
- (C*

with radian wavenuiriber k and with z positive downward. As indicated in Table 5,
transfer functions A, 13, C1, CM, and 1) predict how MSP and its measurements

I respond to the ocean velocity field.

First we derive A(k), the response function for vehicle velocity. Starting with
the Fourier transform of (DI),

(ik + lIv + HT) £r,,p(k) = tk J cA" f,,t() dsD)N Zv-o.5,Djv

DT JZT-O.5DrI17 ±Z+~,D c~i. V *(k) ds

we divide through by ý,,(k), evaluate the integrals, and simplify using IE;uler's in-
dentit.y, sin i- = (c" - c-' ")/2i, to form

I Ak) t~eikZv :[ -kZTr

=A(k) NC sine (kDN/2) + - 1 T CZT sinec(kDT/2) , (I')
llN 4 i1T + ik HN + 117' + ik

where sinca' ='- sin x.
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W proceed in a sinilar fashion to derive B(k), the response function for vehicle
tilt. We assume a constant fall rate, Wo , so that dO/dt = Wo dO/dz, and simplify the
transform of (C5) to produce

Q, e- ikZc N sine (kI)N/2) - Qý C-ikO'r sine (kDI./2) -- (QN -QT) A(k)13(k,) =: uo + ik WIh - k IW (E2)

We generate the remaining transfer functions

C,.(,-,) = 1 - A(k) (E3)
C,,,,(k) = c,(A) + wV(13 - ikL,) 13(k)
D(k) = ikW0 A(k) + (g - L, 2 a ',,0 - ik14'j) B(k)

by dividing ', into tile lFurier transforms of (7), (14), and (10), for which we
assuimme I4o >7- Iv,,,. Expansion of A(k) in (E13) leads to (19), with which we tune I
the point-niass response IUodel.

2. Tuning the Tilt Response

To complete our inodel of the tilt response, we must select values for parameters
fli, fit, QN, and Q7.. We begin by assuming the optimal values, given in Table 6, for
the six force paranmeters in A(k). We could tune B(k) directly by comparing (E2) I
with cross spectra computed from profiles of 0 and VwLL. Instead, we prefer to work
with the transfer function from v, to a,11=,, since these directly measured data, and
their cross spectrum, are independent of model computations or assumptions. WeN
define this transfer function as

Jl,(k)E a 11 (k) D D(k) (4ll,,,( k) =; -- i b - (L4)
and ote (hhi) C,,,(k)

and note that, in the model, it includes parameters Bi, L,, and L,. We will also refer
to the transfer function from relative velocity to measured acceleration,

•1 I(k) a ......(k) -D(k) I
as we examine the effects of tilt and oscillation corrections. I

We generate trial versions of Hi by varying 31, flo, QlN, and QT while keeping B1 ,
L,, and L, fixed at their nominal values in Table 6. Once we attain decent agreement I
with the measured cross spectrum, we can adjust B! and L, to improve the match.
This tuning process yields the optimal parameter values listed in Table 6. In Fig-
ure El, we compare the theoretical forms of H,, and H, with the corresponding cross I
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1.0 J(a

0 0.5-
I Uo, Vi ...Vi•J,

0.0 ,,,,I 102 "7 • ~ ~model.--..•'

E 1 0 o 0 na~c~I

S.... ... ... data • . ,... :/
I 180

I*0 -

k/cpm

Figure El. Comparison of model transfer functions i,,, and Hr with corresl)onding
cross spectra computed from PATCIIEX data. Top panel is data coherence. Middle and
bottom panek are amplitude and phase. Ileavv lines denote the model and dash-dotS~lines denote the data (95% confidence himits are shaded). Dashed flne in m-iddle panel m

is the square root of the ratio of data autospectra, which differs in amplitude from theI ~ ~dat, trase ucion wher coherence is small. (a) h1, ACM mcsrdvelocity to
imeasured acceleration; (b) II, corrected relative velocity to measured acceleration.
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180
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Figure El, cont.

spectra derived from profiles (of the northward components) of thc 28 lPATCHElX3
drops. The top panels show the squared coherence of the data.

The match between the analytic and measured transfer functions is be-It fol-
k < 0.3 cpm and degrades at highe. wavenumbers. It is p~roblemlatic to find 'ý set of
parameter values that match the daila for both amplitude and phase, however. At 0.22
and 0.42 cpin, H, exhibits large peaks in amplitude arid wide swings in plV.ase. These
features correspond to the notches, Iin 4" and to bands of minimal coherence in
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tile data. R~em~oval of tilt and oscillation from the measurements enhiances coherence
of' relative velocity and acceleration (i.e., v~.j and a,,,,) at the notch wavenunibcrs.
Comparing I... and 11, at k > 0.5 cpni, the pliase, -origilially near 90'--is disrupted

and coh'relnco is dlfliminishd, conisistenit with re mioval of'oscillations from V&ll

3. Point-Mass vs Tilt Respoilise

Ilie poiat-mass response predicted by (El), shown in Figure E2, anld that re-
flected byv thle cross spectrum of v,,,1, and v.,, p~rofiles are identical to withini the3 accuracy of' tile numerical mnethod. The amplitude IA(k)I, which is essentially the
factor I discussed with Figure 4, dimuiinishes only after 0.33 cpni, reflecting ISP's
tenldenicy to resp onld at scales of the vehicle and larger.

10i - r - 7-- u- -- -- - -

A A

.1180

V)90-

0model A data .0................ '
U-

Figure E2. MS1P platform responlse for large-tail con figulration. Light line is thea' Ipolint-mass response, A(k). T[he remaining curves compare the combined effects of tilt
and oscillation, -BjWrn,,;O + LdO/dt, to thle point-mass mnotion, v 1,,,. hleavy Lines

Sdenote the model, [Cr(k) - C,,1(k)]/A(k), and dashk-dot linie., denote tile cross spectrum
* of the 1'ATCILEX data (with 95% confidenice limits); dashed line is tile square root of

the ratio of data autospectra; the (;ohierence is the same as for IIr(k).
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The modeled tilt response, B(k), matches the data fairly well at k < 0.2 cpm
(Figure E3); the coherence is the same as for H,(k). Weakening the tail force term,
QT, to 0.1 m-' s-1 significantly reduces IB(k)l, demonstrating the dominance of
forcing on the tilt response (there is no such sensitivity to any other parameter). For I
the free response, approximated using QN = QT = 0.01 m-' s-1 , IB(k)l retains the
shape of the weakened Q, = 0.1 m- 1 s-' version, but is at a fifth its level. Past.
0.2--0.3 cprn, the model is inadequate in reproducing the observed tilt response. I

The motion and orientation of the vehicle account for the difference between
the ACM measurements, varn, and the ocean velocity, vwt. Our model infers one
portion-the combination of tilt position and oscillation--from the accelerometer
measurenments and manufactures the other portion-the point-mass motion--based
on the modeled horizontal dynamics. Their relative contributions are compared in I

0- '.mode ..
",E

S10.1 °~I!

10"2

Q 90

S0-

U)

-180 . I10.2 100 -

k/cpm

Figure E3 Comparison of model tilt response (heavy line) with that inferred from
PATCIIEX accelerometer measurements (dash-dot line); agreement is good out to
0.2 cpIt •aid fair out to 0.3 cpni. Light line is B(k) for weakened tail forcing, corn- I
.puted with Q'j = 0.1 1 1 S-1 and with remaining parameters at their optimal values.
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Figure E2 using the transfer function (C, - Cm,)/IA fromn V,,,,,, to -Bijmsi,O,.,+LvdO/d1.
Point-mass miotion doniinates tilt effects for k < 0.1 cpfll. Between 0.16 and 0.33 cpznl,
they are closely matched both in amplitude and phase (within ±30'). Tilt oscillation
rises at 0.4 cpmn and becomecs the domxinanlt miode by 0.6 cpin. These observationis

have imnplications onl the sensitivity of thle results (VWa.) to the values of 13f and L,:
there is little effect fromn changes in B1 since they are felt miainly at k < 0.15 cpnlI;Ieffects froml L,, are fairly even at all k > 0.1 cpmn, so the shape of thle. resulting oceanl
shear spectrumi doesn't change significantly fromn minor alterations of this p~aramelter.

4. Doml-inance of Tilt in Accelerometer Data

To check our assumiption that we cau reduce (10) to (13) by ignoring all but
the tilt termi in the acceleromneter iue~asurezinents, we foriii thle ratio i)(k)/13(k) (Fig-
ure E4). For the data, our use of (13) imiplies a constant aumplitude of 9.8 11 s- and
a phase of zero. The deviation of the inodeled response at, k < 0.1 cpzIi is duo to
the lateral acceleration, dv11uj1,/dt. This is of no concern lbecause the ultiniate results,

10

5' 10 1_

II

Cl)
< 0-_

-30I10-2 10
k/cpm

Figure E4. Transfer fuiictioii fromn vehicle tilt to mneasured acceleration, i.e., D(k)/J3(k).

A' ~~~~~lcavy line is inodel response for oIptinial large-tail parmtr.Lgtlnecrepl~.t
the simplified 0 = aii,,&,/g used for the data anid hias at constant anmplitude of 9.8 ins-'1anid zero pha~se. Oivahed linie shows responise with tail forcing weakened bY selttiig
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occanic velocities or shecar spuctra, are insensitive to tilt effects at large scales. Thec
fluctuations past 0.6 cpiii are artifacts of the modeled point-niass respolse. (for t11151),
which is unireliable and dominated by tilt oscillation in this band. Th'le downlward
trend at k > 0. 1 cpin conies from the centripetal term, L,, d2O/dt', which implies that.3
we maliy h~e Slightly unlderestimlating 0 at smnall scales. Without the strong tail force,
the relation between tilt. and measured acceleration becomes inore comiplicated, w';

ill ust. iat('d by the dashed liine computed with Q'r 0.1 ill- s-'.
The 1lag~lituine(ter detIcts Vehicle tilt butL, unlike the accelerui neters, is hisenl

sitive to the, dylaianuc.s of vehlicle motion. Tilt, anigles computed with (Al) from the
ii agrilet.oli iet~er data are consistent wi tIh those compu ~ted with (1 3) from the acceleroiii
eter dat~a. I'ihe are almotst, I )(Vitetly' coherent. and ill pliwie( u1p to 0.5 cpmil, where the
zIiAtietounwter data begin to get noisy (Figure E5). This close agreemient, Coupled
w ithi the renults of the miodel anialysis, s~ ~upport our usv( of (13) for determining t~ill.

0 Tilt (North) Acculorornotur-to-MLagnlutorneutor

__________ - ~Comparison- ~---rr-

< 0m

Im

-30 3
Fiu- 5 Ciiaio111otwadtl omue ri accoleromiieur diata wit~hI
that. comipu ted fronm magnevtonmeter data for fi ve 1PATVll d, 1rops.
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5. Summary

Expressions for miodel transfer functions are useful for understanding the bellav-
ior of the existing instrument or for planning modifications or new construction. We

were able to find JparanlcterE to miodel MSP's tilt resp~onse. Although the model re-
protIuces thle observed tilt only at larger scales, it is useful for judging the sensitivity
of the resiponlse at other scales as well. We fine tuned B, and L, with thle transfer
function I],,, from acceleromecter to ACM mieasuremnents. We showed that tilt effects
are imuportanlt in interp~reting ACM data only at scales less than 10 11n and that theI ~final results are weakly sensitive to minor variations in I3f and L,. We demonstrated
tile SUCCCSS Of compul)Lting tilt, directly from accelerometer data, esp~ecially for those
scales where the ACM measurements are affected. This simplified approach is po05-I ~sible for MSP largely because free Oscillation is damiped or dominated by the forced
tilt resplloIse.
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